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Dr.  Howard  O. McMahon 


In  Memoriam 


The  world  of  cryogenic  engineering  and  small  cryocooler  technology  was  saddened 
by  the  deafh  on  August  5,  1990,  of  Dr.  Howard  O.  McMahon,  former  President  of  Arthur 
D.  Little,  Inc.,  and  a  member  of  the  Board  of  Directors  of  Helix  Technology  Corporation. 
He  was  75  years  old. 

Dr.  McMahon’s  pioneering  efforts  in  the  field  of  cryogenics  made  possible  impor¬ 
tant  contributions  to  the  advancement  of  science  and  technology.  In  the  late  1940’s  and 
1950's,  Dr.  McMahon  was  responsible  for  developing  and  commercializing  the  Collins- 
ADL  Helium  Cryostat  The  first  commercial  helium  liquefier  permitted  universities  and 
research  laboratories  tliroughout  the  world  to  conduct  experiments  at  low  temperatures 
and  make  important  advances  in  the  fields  of  chemistry,  physics,  biology,  metallurgy, 
electronics  and  astronomy. 

It  was  in  the  late  1950’s  at  Arthur  D.  Little,  Inc.,  that  Dr.  McMahon  and  William  E. 
Gifford  invented  the  Gifford-McMahon  cryogenic  refrigeration  cycle — a  unique  method 
of  reliably  providing  closed-cyde  refrigeration  at  temperatures  below  10  degrees  kelvin. 
Initially,  Gifford-McMahon  cryogenic  refrigerators  were  used  for  a  variety  of  applica¬ 
tions  including  the  cooling  of  infrared  detectors,  low-noise  ground-based  receivers  for 
satellite  communication  networks  and  experiments  in  low-temperature  spectroscopy  at 
long  wavelenths. 

With  the  birth  of  the  microelectronics  industry  came  the  need  for  processing  silicon 
wafers  in  clean,  high-vacuum  chambers.  The  ability  to  achieve  ultra-clean  conditions  in 
vacuum  processing  chambers  using  Gifford-McMahon  cryopumps  has  had  a  significant 
impact  on  the  development  of  the  complex  high-speed,  high-capacity  integrated  circuhs 
of  today.  Subsequently,  the  Gifford-McMahon  cryogenic  refngeration  cycle  became  the 
industry  standard  refrigeration  cycle  for  cryopump  applications  in  the  rapidly  growing 
semiconductor  industry'. 

A  native  of  Alberta,  Canada,  and  a  naturalized  citizen  of  the  United  States. 

Dr.  McMahon  received  his  B.A  and  M.A.  from  the  University  of  British  Columbia  in 
1935  and  1937,  and  his  Ph  D.  in  Physical  Chemistry  from  the  Massachusetts  Institute  of 
Technology  in  1941.  In  1943  he  joined  Arthur  D.  Little,  Inc.  and  in  1964  became  Presi¬ 
dent,  continuing  as  a  Director  until  1978. 

Dr.  McMahon  was  the  author  of  many  technical  papers  and  held  22  patents  on  a 
wide  vaiiety  of  inventions.  In  1979,  Dr.  McMahon  was  awarded  the  S.C.  Collins  Award 
in  recognition  of  his  outstanding  technical  contributions  and  dedicated  service  to  the 
civogenic  community. 

Dr.  McMahon's  inspiration  and  influence  reached  into  many  aspects  of  cryogenic 
engineering,  especially  into  the  advancement  of  small  cryogenic  cooleis  for  commercial 
applications.  In  grateful  recognition  of  his  contributions,  the  Proceeding  of  the  Sixth 
International  Cryocooler  Conference  is  dedicated  Dr.  Howard  O.  McMahon. 
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FOREWORD 


These  two  volumes  contain  the  proceedings  of  the  Sixth  International  Cryocooler 
Conference  (ICC),  held  in  Plymouth,  Massachusetts,  on  October  25-26,  1990.  Peter  J. 
Kemey  of  CT1 -CRYOGENICS  was  the  conference  chairman;  Geoffrey  Gr*en  of  the 
U.S.  Navy’s  David  Taylor  Research  Center  served  as  program  committee  chairman. 

The  first  cryocooler  conference,  held  in  1980,  was  designed  to  stimulate  interest 
and  discussion  in  the  scientific  and  engineering  community  about  the  latest  develop¬ 
ments  and  advances  in  refrigeration  for  cryogenic  sensors  and  electronic  systems  at  tem¬ 
peratures  below  20  kelvin.  Since  then  the  ICC  has  been  held  every  second  year,  and  the 
topic  has  been  expanded  to  include  scientific  and  technological  developments  in  small, 
closed-cycle  refrigerators  and  components  operating  at  temperatures  up  to  about  80  K. 

This  year,  close  to  260  participants  gathered  from  all  over  the  world.  They  repre¬ 
sented  numerous  universities,  private  companies,  and  government  and  commercial  labo¬ 
ratories,  both  foreign  and  domestic. 

Fifty-four  papers  were  presented.  The  speakers  described  advances  in  many  areas  of 
cryocooler  technology'.  The  discussions  included  advanced  regenerators,  Gifford  McMa 
hon  systems,  pulse  tube  and  sorption  coolers,  Stirling,  Joule-Thomson,  magnetic,  and 
hyhrid  coolers,  and  a  broad  range  of  applications  and  component  technologies 

The  development  of  a  small,  compact,  reliable  and  efficient  cryocooler  continues  to 
be  priority  for  cryogenics.  We  are  pleased  to  present  these  proceedings,  which  we  be¬ 
lieve  show  further  significant  progress  in  the  field. 

— The  Editors 
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magni "lie:  kksonant  imacinc  applications 


R.A.  Ackcrmann 

Gl  Corporate  Research  and  Dc\ciopmeni 
Schenectady.  New  York  12301 


ABSTRACT 


Gillord  McMahon  cryorcti  iterators  are  now  used  very  successfully  on  all  GL  mag¬ 
netic  resonant  imagin',  systems  to  t educe  liquid  helium  consumption.  However,  this 
use  has  also  ilemonsli aled  the  need  lot  a  highly  reliable  and  superior  quality  produet. 
Noise,  contamination,  and  disturbances  liaxc  all  created  problems  and  have  led  to  the 
need  lor  costly  product  improcements  to  meet  customer  acceptance. 


lo  characterize  cryoreingcrator  permi  r,  a..ce  and  evaluate  relrahilitv.  Id.  C  or- 
porate  Research  and  Development  (G1  CR1  ■  started  an  experimental  program  in 
1  ASS  to  measure  the  capacity  of  comnie.  Gaily  axailable  two-stage  Gifford  McMahon 
tGM)  cycle  retrigeratois  and  to  define  their  primary  modes  of  failure  in  a  simulated 
magnetic  resonance  imaging  environment.  The  program  has  included  the  performance 
mapping  of  six  commercial  refrigerators,  life  testing  of  three  machines,  and  the 
exaluation  of  all  failures  as  they  occurred.  I’ei  formancc  mapping  was  perfor  tiled  oxer 
a  range  of  heat  loads  from  0  to  30  W  on  the  first  stage,  and  0  to  5  \V  on  the  second 
stage,  hnduratice  testing  has  consisted  ot  accumulating  over  2N.OOO  hours  of  opei  a- 
tion  on  three  machines.  Failure  modes  analysis  has  consisted  of  monitoring  gas  puritv 
yyith  a  gas  chromatograph  and  mass  spectrometer  and  the  close  inspection  of  all  failed 
units. 


This  paper  describes  the  results  of  the  load  mapping  and  endurance  testing  per- 
tor  med,  and  compares  these  results  with  pi  < rjecied  future  requirements  for  Gi  -  MRI 
applications.  Testing  has  shown  that  the  cap-  city  of  existing  machines  is  too  low  for 
futuie  applications,  and  that  contamination  failures  caused  by  the  slow  buildup  of  GO' 
and  NN  in  the  cold  head  appears  to  be  a  major  factor  limiting  reliability  and  shortening 
maintenance  intervals  of  G\1  refrig  ratois. 


INTkODlk  HON 

The  use  ot  a  GM  retrigcralor  on  an  MRI  magnet  has  eliminated  the  need  hir 
liquid  nitrogen  cooling  ol  a  titer  mal  shield  and  lias  i educed  the  liquid  helium  con¬ 
sumption  from  0.5  l./h  to  iess  than  0.05  i./li  for  a  2.5-ton  magnet  and  helium  eon 


tainer.  This  success  hits  led  to  the  use  v>f  a  GM  refrigerator  on  all  Gli-MRI  systems 
and  has  made  servicing  and  reliability  a  critical  issue  for  overall  product  success. 

The  eryorefrigerator  test  program  being  coiulncted  at  GITC'RD  is  directed  at 
characterizing  the  performance  of  commercially  available  lv,o-stage  GM  refrigerators 
and  estabiishing  failure  modes.  The  objective  of  this  work  is  twofold: 

1.  To  characterize  commercial  GM  refrigerator  performance  for  evaluation 
against  future  requirements. 

2.  I  o  increase  the  fie  hi  sets  ice  intei  vai  to  gr  eater  than  2  sears,  and  sic  pot 
maintenance  -  del  ined  a>  res|uir  ing  shipment  ol  either  I  lie  cold  liead  or  comptes- 
sor  to  a  central  facility  --  to  4  sears. 


I  iie  assemb’s  of  a  (  INI  i  el  i  igei  atm  or,  a  ( il  -  M  Is  I  s,  stem  i  sh.  -ssn  in  I  ig.  i ,  at  id 
1  ip.  2  sin iss s  i |>e  mounting  ol  the  teii igei atoi  on  the  ers osia».  in  das  mounting 
(.out  igurttl  ion,  the  i  el  i  igei  at  or  e<  ild  head  e\  lens  Is  into  a  slees  e  in  the  cryostat  ansi  con¬ 
us  el  s  to  the  I  ir ' !  and  w  s'ond-si age  t ! ;e  I  r " : ■ 1  slrelsb  tv,  I  k  \il  is  !  her  imu  s; ;  ;-,(o  4  he  tv, o 
shiehls  ate  mn'iit.ans si  at  ts  mpcmi :  i<  s  i;t  4o  >  sii  h  lot  ;i.e  outer  Ins'  stage  shield 
and  IJ|o  I  s  K  to;  il i  ii".  i  w1;  v  si.gi  ,.c!d.  Ins  n-u  mi  i*  ,g  sles'S  s-  i'  uses!  to  se!  si 
rats  l  lie  i  el  i  igei  atoi  liom  tlie  main  ci  s  osi.u  s as  -.aim  lot  sawi i  el  i  igei  am:  mail  He 
nance. 


big.  1.  MR1  magnet  system. 
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Fig.  2.  MR1  shield  cooler. 

TEST  PROGRAM 

The  test  program  consisted  of  load  mapping  and  endurance  testing.  The  load  map¬ 
ping  w'is  performed  by  mounting  the  cold  head  in  a  liquid  nitrogen-shielded  vacuum 
vessel,  and  attaching  a  thermal  shield  to  the  first  stage  and  a  thermal  station  to  the 
second  stage  of  the  cold  head  (Fig.  3).  Electrical  resistance  heaters  were  attached  to 
the  thermal  shield  and  to  the  second-stage  thermal  station,  and  calibrated  carbon  glass 
resistance  temperature  sensors  were  mounted  on  the  cold  head  first  and  second  stages 
to  measure  tempeiature.  The  load  mapping  was  performed  by  applying  heat  to  the 
first  ar.d  second  stages:  0  to  30  W  on  the  first  stage  and  0  to  5  W  on  the  second  stage. 
'Die  heat  load  and  temperatures  were  monitored  w  ith  a  PC-based  data  acquisition  sys¬ 
tem  that  was  also  programmed  to  automatically  set  the  heat  loads  on  each  stage, 
based  on  a  steady-state  temperature  criterion  of  less  than  0.01  K.  over  a  15-min  inter¬ 
val.  Fig.  4  depicts  the  test  setup  for  the  load  mapping,  and  Table  1  lists  the  refrigera¬ 
tors  that  were  tested  along  with  their  nominal  ratings  as  given  by  the  manufacturer. 

Endurance  testing  has  consisted  of  continuously  running  three  refrigerators,  tw'o 
mechanically  driven  and  one  pneumatically  driven,  to  accumulate  operating  hours  at  a 
fixed  operating  point.  The  refrigerators  were  run  in  a  simulated  MR1  environment  by 
setting  a  thermal  load  on  the  first  and  second  stages,  controlling  the  cooling  water  to 
70  °F,  and  operating  the  cold  head  in  the  vicinity  of  a  stray  magnetic  field  similar  to 
that  seen  on  a  0.5-T  MRI  system.  'Hie  first-  and  second-stage  temperatures  were  sam¬ 
pled  every  2  h  and  checked  daily  for  deviations.  When  a  failure  did  occur,  the 
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Fig.  3.  Cryoref  rigerator  test  setup. 


Fig.  4.  Cryorefriecrator  test  apparatus 


Table  1.  Manufacturer’s  specifications  for  GM  refrigerators  tested 


Unit 

Capacity  (W) 

80  K  20  K 

Input  Power 
(kW) 

Balzers  UC-1 10 

100 

10 

7.0 

Balzers  (shield  cooler) 

70 

7 

4.0 

cn  1020C 

40 

12 

5.0 

Ley  bold 

RGD580-GE/RW4000 

65 

6.0 

5.0 

RGD580/RW5000 

100 

6.3 

6.5 

Cryomech  GBQ4 

60 

*“Y 

/ 

4.5 

compressor  was  disconnected  from  the  cold  head,  the  system  was  allowed  to  warm  to 
ambient  temperature,  gas  samples  were  taken  from  both  the  cold  head  and  compres¬ 
sor,  and  the  unit  was  disassembled  and  inspected  for  damage  and  wear. 

Temperature  tracking  consisted  of  averaging  the  bi-hourly  data  to  deter  mine  the 
short-term,  daily  temperature  deviations  and  plotting  weekly  averages  to  determine 
long-term  temperature  stability.  It  is  projected  that  temperature  stability  will  become 
more  important  in  future  applications  as  tighter  helium  boiloff  specifications  and 
longer  maintenance  intervals  are  sought.  Planned  specifications  for  future  applications 
are  given  in  the  following  section. 

Schematic  representations  for  the  mechanical  and  pneumatic  drives  are  shown  in 
Fig.  5  and  6,  respectively.  The  mechanical  drives  use  a  scotch  yoke  mechanism  to  pro¬ 
vide  a  sinusoidal  motion  to  the  displacer,  and  mechanical  valves  that  are  timed  to  the 
displacer  motion  provide  the  cyclic  pressure  changes.  Poppet  valves,  driven  from  the 
scotch  yoke  crank,  are  used  in  the  first  refrigerator  tested,  and  a  spool  valve,  driven  by 
an  end-of-stroke  mechanism,  is  used  in  the  second  refrigerator.  In  the  pneumatic  re¬ 
frigerator,  a  rotating  disc  valve  and  a  stem  volume  (chamber  1  in  Fig.  6)  provide  a  net 
driving  force  to  the  displacer  at  precise  times  in  the  cycle  to  produce  a  square  wave 
displacement.  The  rotating  disc  valve  in  the  pneumatic  refrigerators  also  provides  the 
cyclic  pressure  changes  over  the  cycle. 

FUTURE  GE-MRI  CRYOREFR1GERATOR  REQUIREMENTS 

Future  GE-MRI  systems  will  strive  for  lower  refrigerator  temperatures  and  in¬ 
creased  maintenance  intervals  to  reduce  operating  and  service  expenses.  In  addition, 
new  softw'are  for  improved  image  resolution  will  require  significant  reductions  in 
cryorefrigerator  vibrations.  Some  of  the  more  critical  specifications  that  are  contem¬ 
plated  are 
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1.  Capacity 

2.5  W  second  stage 
40.0  W  first  stage 

2.  Temperature  Stability 

Short  term  (<24.0-h  period):  0.2  K  second  stage 

2.0  K  first  stage 

Long  term  ( >  1-yr  period):  0.5  K  second  stage 

5.0  K  first  stage 

3.  Noise 

The  noise  from  the  refrigerator,  when  installed  in  the  cryostat,  shall  be  less  than 
60  dBa  at  a  distance  of  less  than  3  m  over  the  frequency  range  of  0  to  20  kHz. 

4.  Vibration 

A  vibration  specification  has  not  been  established.  However,  this  requirement  is 
becoming  more  important  because  new  software  packages  are.  improving  the 
image  resolution  and  refrigerator  disturbances  are  beginning  to  noticeably  im¬ 
pact  the  image  quality. 

5.  Field  Preventive  Maintenance 

Field  preventive  maintenance  procedures  shall  not  be  required  more  often  than 
once  every'  2  yr.  Field  service  shall  not  require  more  than  one  service  represen¬ 
tative  and  shall  not  require  more  than  a  6-h  period. 

6.  Depot  Maintenance 

Depot  maintenance  (for  which  the  part  must  be  removed  from  the  site  and 
shipped  to  a  central  facility)  shall  be  required  for  the  cold  head  no  more  fre¬ 
quently  than  every  4  yr,  .'"id  for  the  compressor,  no  more  frequently  than  every 
5  vr. 


TEST  RESULTS 

The  load  maps  obtained  for  the  six  refrigerators  tested  are  shown  in  Fig.  7.  Each 
load  map  represents  several  weeks  of  running  to  ensure  that  the  refrigerator  perfor¬ 
mance  had  stabilized  and  steady-state  operation  had  been  achieved.  In  addition,  in  all 
cases  the  maps  were  repeated  several  times  to  ensure  the  consistency  of  the  data. 

Comparing  performance  based  on  our  test  points  of  2.5  W  on  the  second  stage  and 
4(  -V  on  the  first  stage,  Table  2  shows  that  the  Balzers  UC-110  and  Cryomech  GB04 
achieved  the  lowest  temperatures.  The  performance  of  the  other  refrigerators  was 
similar  to  the  existing  Balzers  shield  cooler;  they  provide  no  significant  capacity  in¬ 
crease  for  future  applications. 


y 
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Table  2.  Cryorefrigerator  test  data 


Temperature  (K) 

Unit 

First  Stage 
(at  40  W) 

Second  Stage 
(at  2.5  W)* 

Balzers  UC-1 10 

45.0 

10.5 

Balzeis  (shield  cooler) 

47.5 

13.0 

cri  1020C 

80.0 

12.5 

Leybold 

RGD580-GE  /  R  W4000 

48.0 

12.5 

RGD580/RW5000 

46.0 

11.5 

Cryomech  GB04 

34.5 

10.5 

Three  refrigerators  were  selected  for  endurance  testing.  Two  employed  mechani¬ 
cally  driven  ■  cotch  yoke  mechanisms  and  the  third  employed  a  pneumatic  drive.  Each 
refrigerator  was  set  up  in  a  simulated  MRJ  environment  with  the  first-  and  second- 
stage  temperatures  monitored  every  2  h.  The  results  of  the  temperature  tracking  for 
each  of  these  machines  are  shown  in  Fig.  8,  9,  and  10.  The  endurance  and  failures  ex¬ 
hibited  by  these  refrigerators  were  as  follows: 

1.  First  Mechanical  Drive  Refrigerator 

A  total  of  1 2,360  h  was  accumulated  on  the  first  mechanical  drive  refrigera¬ 
tor  with  two  failures  occurring.  The  first  failure,  after  3.5  months  of  operation, 
was  characterized  by  a  severe  temperature  degradation  on  the  first  and  second 
stages,  leading  to  a  temperature  rise  of  8.0  K  and  0.7  K  on  the  first  and  second 
stages,  respectively.  This  degradation  was  considered  sufficiently  severe  to  ter¬ 
minate  the  test.  The  refrigerator  was  allowed  to  warm  up,  a  gas  sample  was  tak¬ 
en,  and  the  cold  head  was  disassembled  and  inspected  for  wear.  No  evidence  of 
wear  was  found;  however,  the  gas  sample  revealed  high  levels  of  N2  ( >400  ppm) 
and  CO2  ( >50  ppm),  which  were  considered  responsible  for  the  temperature 
degradations. 

The  refrigerator  was  returned  to  the  manufacturer  for  servicing.  Upon  re¬ 
ceipt  of  the  repaired  unit,  endurance  testing  was  continued.  This  second  refri¬ 
gerator  test  ran  for  13.5  months,  when  the  refrigerator  again  failed  because  of  a 
severe  rise  in  first-  and  second-stage  temperatures  that  exceeded  required  oper¬ 
ating  levels.  During  this  test,  the  refrigerator  ran  uninterrupted  for  11  months, 
but  2.5  months  prior  to  the  termination  of  the  test,  it  exhibited  the  strange 
behavior  of  suddenly  reaching  much  lower  temperatures  on  the  first  and  second 
stages  than  had  previously  been  measured.  Since  no  physical  parameters  had 
changed,  and  no  substantiated  explanation  could  be  given  for  the  sudden  change 
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Fig.  9.  Temperature  tracking  for  the  second  mechanical  di  ive  GM  refrigerator 
(continuous  operating  time  =  6,480  h). 
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Fig.  10.  Temperature  tracking  for  the  pneumatic  drive  GM  refrigerator 
(continuous  operating  time  =  4,416  h). 
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in  performance,  it  was  decided  to  disconnect  the  cold  head  from  the  compres¬ 
sor,  warm  it  to  ambient,  and  take  a  gas  sample  from  the  cold  head.  After  the 
sample  was  taken,  the  cold  head  was  pressurized  and  started.  After  reaching 
temperatures  of  10.7  K  and  42  K  the  refrigerator  ran  foi  an  additional  5  weeks 
before  rapid  temperature  rises  on  both  the  first  and  second  stages  caused  the 
termination  of  the  testing.  Disassembly  and  inspection  of  the  cold  head  by  the 
manufacturer  again  failed  to  show  any  evidence  of  wear  or  damage  to  the  cold 
head,  but  the  gas  sample  taken  prior  to  the  test  termination  revealed  high  levels 
of  CO2  (>  1000  ppm).  The  gas  sample  taken  before  the  start  of  the  13.5-month 
run  had  shown  no  gas  contamination  levels  greater  than  a  few  parts  per  million, 
and  therefore  it  was  concluded  that  the  failure  was  due  to  contamination. 

Over  the  13.5-month  testing,  the  refrigerator  exhibited  the  following  short- 
and  long-term  maximum  temperature  changes: 

Shortterm  (<24.0  h):  AT  (first  stage)  =  2.0  K 

AT  (second  stage)  =  0.1  K 

Longterm  (li-month  period):  AT  (first  stage)  =  6.2  K 

AT  (second  stage)  =  0.48  K 

Second  Mechanical  Drive  Refrigerator 

The  second  mechanical  refrigerator  has  been  running  for  6,480  h  and  contin¬ 
ues  to  accumulate  hours  at  this  time.  Unlike  the  first  mechanical  drive  unit, 
several  failures  occurred  very  early  in  the  testing,  which  prevented  the  start  of 
the  endurance  testing  for  nearly  6  months.  The  failures  that  occurred  after  short 
operating  intervals  were 

-  Rapid  temperature  rise.  After  running  for  1.3  months,  there  was  a  notice¬ 
able  loss  in  capacity  ?md  rise  in  temperatures.  A  gas  sample  showed  high  lev¬ 
els  of  HjO  ( >  1000  ppm  ),  and  N2  ( >  200  ppm).  The  refrigerator  was  re¬ 
turned  to  the  manufacturer  for  contamination  removal. 

-  Loss  of  gas  pressure.  After  an  additional  1.7  months  of  operation  the  unit 
lost  pressure,  forcing  a  shutdown.  Inspection  of  the  compressor  revealed  a 
leak  in  the  heat  exchange!  between  the  oil  cooling  passages  and  water  side  of 
the  heat  exchanger.  The  compressor  was  repaired  by  the  manufacturer  aid 
returned  to  GE  for  further  testing. 

-  Cold  head  seizure.  After  running  for  an  additional  2.2  months  the  cold  head 
displacer  seized,  terminating  the  test.  Gas  samples  taken  this  time  showed 
high  levels  of  CCL  ( >  1000  ppm  ),  and  02  and  N;  ( >200  ppm).  The  cold 
head  was  returned  to  the  manufacturer,  where  inspection  revealed  that  the 
scotch  yoke  crank  had  sheared  from  the  seizure  of  the  displacer.  The  cold 
head  was  repaired  and  returned  to  GE  for  further  testing. 
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-  Loss  of  gas  pressure.  After  another  month  the  compressor  again  developed 
a  gas  leak  in  the  heat  exchanger.  This  time  the  leak  was  between  the  helium 
cooling  passages  and  the  water  side  of  the  heat  exchanger. 

In  December  1989  the  repaired  refrigerator  was  received  from  the  manufac¬ 
turer  and  endurance  testing  begun.  The  unit  has  been  running  continuously  since 
then.  The  temperature  tracking  for  this  refrigerator  is  shown  in  Fig.  9.  The  tem¬ 
perature  stability  exhibited  to  date  by  this  refrigerator  has  been 

Short  term:  A T  (first  stage)  =  1.0  K 

AT  (second  stage)  =  0.20  K 

Long  term:  A T  (first  stage)  =  1.5  K 

AT  (second  stage)  =  0.21  K 

3.  Pneumatic  Drive  Refrigerator 

Endurance  testing  on  the  pneumatic  refrigerator  was  started  in  February 
1990,  and  with  the  exception  of  short  periods  when  it  was  warmed  to  take  a  gas 
sample,  the  refrigerator  has  been  running  continuously  for  the  past  6  months.  To 
date,  the  refrigerator  has  accumulated  4,416  h  of  operating  time  with  no  failures. 

The  temperature  tracking  for  this  refrigerator  is  showm  in  Fig.  10.  The  tem¬ 
perature  tracking  on  this  refrigerator  is  being  conducted  with  no  thermal  loads 
on  either  the  first  or  second  stages.  Availability  of  power  supplies  limited  the 
continuous  operation  under  load.  However,  periodic  measurements  with  25  W 
on  the  first  stage  and  2  W  on  the  second  stage  have  shown  a  temperature  history' 
similar  to  the  no-load  tracking  shown  in  Fig.  10. 

The  temperature  tracking  has  showm  that  after  initially  achieving  a  no-load 
temperature  of  26.2  K  on  the  first  stage  and  7.82  K  on  the  second  stage,  the  re¬ 
frigerator  has  experienced  a  warming  of  the  second  stage  and  cooling  of  the  first 
stage  and  appears  to  be  settling  at  temperatures  of  25.5  K  and  8.2  K,  To  evalu¬ 
ate  this  instability,  the  refrigerator  was  turned  off  after  1000  h  of  operation,  then 
allowed  to  warm  up  to  ambient,  and  a  gas  sample  was  taken  from  the  cold  head. 
After  taking  the  gas  sample,  the  cold  head  was  recharged  w'ith  helium  and  the 
endurance  testing  continued.  The  results  of  the  gas  sample  were  that  a  large 
amount  of  N;  ( >  1000  ppm)  and  lesser  amounts  of  CO  and  CH4  ( >50  ppm)  had 
accumulated  in  the  cold  head  after  only  1000  h  of  operation.  Based  on  this  initial 
instability,  the  temperature  changes  over  the  past  6  months  have  been 

Short  term:  A T  (first  stage)  =  0.1  K 
AT  (second  stage)  =  0.04  K 

L.ong  term:  A T  (first  stage)  =  0.7  K 

AT  (second  stage)  =  0.48  K 
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With  25  W  on  the  first  stage  and  2  W  on  the  second  stage,  the  resulting  temper¬ 
ature  changes  over  the  6-month  period  have  been 

AT  (first  stage)  =  -0.6  K 
AT  (second  stage)  =  +0.5  K 

CONCLUSIONS 

Based  or*  projected  future  GE-MRI  applications,  the  following  conclusions  regard¬ 
ing  cryogenic  refrigeration  requirements  were  drawn: 

1.  Greater  first-  and  second  stage  capacities  will  be  required.  Performance  equal 
to  or  better  than  the  best  performing  refrigerators  in  Table  2  will  be  sought. 

2.  Contamination  was  the  major  cause  of  failure  in  our  endurance  testing.  Table  3 
summarizes  these  failures  and  shows  that  the  slow  accumulation  of  contam¬ 
inants,  such  as  C02,  N2,  and  hydrocarbons,  limits  long-term  operation. 


Table  3.  Summary  of  contamination  failures 


Refrigerator 

Failure  Mode 

Run  Time 

(h) 

Concentrations 

(ppm) 

First  mechanical 
drive 

Temperature  degradation 
over  3-month  period 

2,664 

N2  >400 
C02  >50 

Rapid  temperature  rise 

9,6% 

co2  >  1000 

Second  mechanical 
drive 

Rapid  temperature  rise 

951 

H20>1000 
N2  >200 

Cold  head  seizure 

1,610 

co2  >1000 
N2  >200 

Pneumatic  drive 

Temperature  rise 

1,000 

N2  >  1000 
CO>  >50 
CfL  >50 
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AMS' TRACT 


4  K  G;  fiord  McMahoii/Joulc  Thomson  civvix'lco  luu-  Iven  developed  foi  crxnliug  >cn - 
sois.  o  g  .  la.;  m!;. no d  deieciois.  SIS  icccivcrs  ‘or  radio  uv.ronomv  ,ukl  SQl  II)  m.ignciomc- 
U‘i s.  Ilia  (,'r\ ocooier  '.'.m  lv  operated  loi  10.0(H)  houi-  without  service.  Tl; ;  outline  of  the 
Ctx'le:  conliguiation  and  application  problems  for  crn >1  i n ti  sensors  arc  shown  in  this  papa. 
Yibialion  chut ac’ci ala  s  aiv  mcasuied  In  tlk'  l.tset  Doppler  vibromeicr.  Tcmperatuic  homo 
gcncily  of  1 1 u.'  4  K  stage  is  estimated  in  K'KM  analysis  ol  ilicmul  oonduolion.  Biom.ignctic 
inoasuromcnts  with  a  SQUID  sys’.om,  cooled  by  the  GM/J  1  ciyivooler,  arc  also  prosoiHod. 


INTRODUCTION 

DAIK1N  1NDIJSTRIKS,  l.  l'l).  has  l\vn  developing  a  variety  of  4  K  Gift'ord-McMahon 
iGM)  cryocoolers  with  a  Joule-Thomson  (JT)  cycle  to  provide  reliable  commercial  cooleis 
for  industrial  and  lalxvratory  applications  1 1 1,  e  g.,  recondensing  helium  in  the  MR!  (Magnetic 
Resonance  Imaging)  ciyostat,  cmling  far- infrared  detectors  and  SIS  (Superconductor  Insula 
tor  Superconductor)  receivers  foi  radio  astionomy. 

When  cix'lmg  sensois  in  the  vacuum  cryostat  with  a  closed  cycle  crvvixiler  (without  liq 
tiid  lielium).  mechanical  and  elecliomagnetic  noise,  temperaiure  fluctuation  and  lemperatuic- 
inlioipogeneitv  in  the  cooling  stage  should  lv  at  an  acceptable  low  level.  The  SQUID  iStipei- 
conduciing  QUantum  I  liter  t  ere  nee  Device)  m.igneiomeier  is  one  of  the  most  sensilive  sen¬ 
sors  tor  those  pei tin bations.  Zimmerman  et  al.  |2|  developed  low-power  Stirling  cycle 
ciyocoolers  for  cryoclcctronic  devices,  particularly  SQUID  magnetometers  and  magnetic 
g  radiometers  Buchanan  et  a!.  |3|  developed  a  neuromagnctomeler  with  a  GM/JT  ciyivooler. 
and  succeeded  in  magnetic  measurements  of  auditory  evoked  fields  from  the  brain.  DAIKIN 
succeeded  in  the  development  of  a  reliable  4  K  GM/JT  cry  ivixrler  1 4 J ,  a  low  vibration  cry- 
ostat  for  optical  measurements  |5),  and  biomagnetie  measurements  with  a  SQUID-based 
magnetic  giadiomelet  oxdcd  by  the  GM/JT  cryocoolcr  j(>|.  This  paper  reviews  out  related 
works  on  the  GM/JT  cryocixilci  lor  cryogenic  sensors. 


17 


COOLER  CONFIGURATION 


The  flow  diagram  of  the  GM/JT  cryocooler  is  shown  in  figure  1.  The  JT  ciicuit  is  sepa¬ 
rated  from  the  GM  circuit,  therefore,  it  is  easy  to  clean  the  JT  circuit  and  there  is  no  possibil¬ 
ity  of  contamination  while  GM  expander  being  serviced.  The  prototype  attained  20,000 
hours  of  operation  without  JT  service  and  even  after  that  test,  contaminants  were  not  detected 
in  the  cryostat  section  of  the  JT  circuit  [lj.  Until  today,  Several  tens  of  units  have  been 
operated  in  the  field  without  a  JT  blockage  problem.  The  basic  model  of  the  compressor  and 
refrigerator  unit  is  shown  in  figure  2  arid  its  specifications  are  summarized  in  table  1. 


Table  1.  Specifications  of  the  basic  model 


50  Hz 

60  Hz 

Refrigeration  capacity 

3.0  W 

3.5  W 

Powrcr  Dissipation 

5.1  kW 

6.4  kW 

Maintenance  Interval 

10000  hrs 

Size:  Cryostat 

<f>  300  X740H 

mm 

Compressor  Unit 

750W  X  530D  X  1 000H  mm 

Weight:  Cryostat 

55  kg 

Compressor  Unit 

230  kg 

Because  the  GM  expander  used  here  has  a  pneumatic  driven  mechanism  [7],  the  valve 
motor  can  be  separated  from  the  cryostat  [8].  This  is  advantageous  for  SQUID  magnetometer 
applications. 

The  new  fin  tube  is  used  in  the  JT  heat  exchanger,  which  has  a  fin  cut  in  pitch  to  almost 
half  of  the  fin  height  (figure  3).  As  shown  in  figure  4,  the  heat  transfer  ratio  (Colburn's  j 
factor)  between  fin  and  helium  gas  is  about  40  to  60  %  better  than  in  the  usual  Collins  type  [9] 
which  lias  a  straight  fin.  Figure  5  shows  the  friction  factor  of  the  low  pressure  path  of  the  heat 
exchanger.  Although  the  friction  factor  seems  to  be  rather  large,  only  causes  a  pressure  drop 
less  than  one  third  of  the  total  JT  flow'  resistance  in  the  cryostat. 

VIBRATION  CHARACTERISTICS 

Vibration  characteristics  at  the  4  K  cooling  stage  were  measured  by  a  laser  Doppler 
vibrometer  and  the  results  are  shown  in  figure  6.  The  upper  graph  shows  the  displacement 
amplitude  of  the  basic  model  with  twenty  or  thirty  microns  of  vibration  at  2  Hz  (displacer 
reciprocating  frequency).  The  middle  graph  shows  data  for  the  low  vibration  cryostat  in 
which  the  cooling  stage  is  vibration-isolated  from  the  expander  cold  station.  This  is  done  by 
using  coiled  tube  for  the  JT  line  and  rigid  supports  mounted  on  a  vacuum  chamber  as  shown 
in  figure  7.  The  cryostat  weighs  135  kg.  The  vibration  amplitude  was  reduced  to  0.1  micron 
r.m.s.  at  2  Hz.  The  lower  graph  shows  the  background  level  when  the  expander  is  stopped 
(valve  motor  off)-  At  the  lower  frequency,  the  vibration  amplitude  is  almost  the  same  as  in  the 
middle  gtaph. 
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Figure  6.  Vibration  characteristics  at  the  4  K  cooling  stage 
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TEMPERATURE  HOMOGENEITY  IN  THE  COOLING  STAGE 


In  the  optical  cryostat,  the  radiative  heat  flux  enters  directly  into  the  4  K  stage  as  shown  in 
figure  7.  In  this  case,  temperature  homogeneity  in  the  cooling  stage  was  estimated  by  the 
FEM  (Finite  Element  Method)  analysis  of  thermal  conduction.  The  model  dimensions  are 
shown  in  figure  8.  Oxygen  free  copper  was  used  both  for  the  4  K  station  and  the  cooling  stage 
and  its  thermal  conductivity  was  measured  at  13.5  W/cmK.  The  thermal  resistance  between 
the  4K  station  and  the  cooling  stage  was  2.0  cm2  K/W,  which  was  determined  by  another 
experiment.  Boundary  conditions  were  as  follows;  lower  edge  temperature  of  the  4  K  station 
was  4.2  K,  heat  input  through  the  4  optical  windows  was  1.5  W,  the  remaining  surface  was 
adiabatic,  symmetry  conditions  were  utilized  to  reduce  computations.  Calculated  results  are 
shown  in  figure  9.  The  temperature  differences  in  the  cooling  stage  are  within  20  mK. 
Temperature  fluctuations  might  be  within  the  same  level. 

BIOMAG NETIC  MEASUREMENTS  WITH  A  SQUID  SYSTEM 

By  utilizing  the  above  results,  a  SQUID  system  for  biomagnetic  measurements  was  con¬ 
structed  and  magnetocardiograms  (MCG)  were  taken.  The  system  consists  of  a  second  order 
magnetic  gradiometer,  the  DC-SQUID  [10]  developed  at  the  Electrotechnical  Laboratory,  a 
flux  locked  loop  (FLL)  controller  and  the  GM/JT  cryocooler.  The  diameter  of  the  gradiometer 
is  24  mm  and  its  base  line  is  40  mm.  The  system  was  installed  in  a  RF  shield  room  and  the 
valve  motor  of  the  GM  expander  was  set  outside  of  the  RF  shield.  Figure  10  shows  the  MCG 
taken  when  the  valve  motor  is  off  and  figure  1 1  shows  it  when  the  valve  motor  on.  Graphs  on 
the  left  side  shows  the  real  time  signals  with  a  60  Hz  notch  and  a  100  Hz  low  pass  filters, 
graphs  on  the  right  show  averaged  data  in  both  figures.  Vibration  noise  is  obviously  found 
when  the  valve  motor  is  on.  The  main  frequency  of  the  noise  is  about  20  Hz  which  is  the 
resonance  frequency  of  the  4  K  stage  supporting  system.  This  noise  can  be  eliminated  by 
digital  filtering  and  a  new  system  with  a  modified  support  is  now  in  construction. 

CONCLUSIONS 

The  GM/JT  cryocooler  was  found  to  be  as  reliable  as  the  GM  cryocooler,  i.e.,  the  mainte¬ 
nance  interval  of  the  cryocooler  is  10,000  hours,  which  is  determined  by  the  usual  expander 
service.  For  applications  to  cryogenic  sensors,  the  vibration  amplitude  of  the  cooling  stage 
can  be  reduced  to  a  submicron  level,  and  temperature  inhomogcncity  can  be  within  a  few  tens 
of  mK  in  the  cryostat  with  several  optical  windows.  Magnetocandiograms  can  be  taken  by  the 
SQUID  system  without  liquid  helium. 

The  authors  are  glad  to  acknowledge  the  kind  discussions  and  technical  guidance  in  bio- 
magnetic  measurements  by  Drs.  H.  Kad^,  N.  Kasai  and  S.  Kiryu.  They  would  also  like  to 
thank  Mrs.  K.  Nishiguchi  and  T.  Ueda  for  their  technical  support  in  SQUID  electronics. 


Figure  10.  Magnetocardiograms  with  a  SQUID  system  (valve  motor  off) 
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Figure  11.  Magnetocardiograms  with  a  SQUID  system  (valve  motor  on) 
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CHARACTERIZATION  OF  MINIATURE 
STIRLING-CYCLE  CRYOCOOLERS  FOR  SPACE  APPLICATION 


R.G.  Ross,  Jr.,  D.L.  Johnson,  R.S.  Sugimura 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California  91109 

ABSTRACT 

The  growing  demand  for  long-life  infrared  and  submillimeter  imaging  instru¬ 
ments  for  space  observational  applications,  together  with  the  emergence  of  the 
multi-year-life  Oxford  University  Stirling-cycle  cooler,  has  led  to  a  rapidly  expand¬ 
ing  near-term  commitment  to  second-generation  Stirling-cycle  cryocoolers  based  on 
the  Oxford  heritage.  The  precision  space-science  instruments  in  need  of  these 
coolers  have  especially  demanding  requirements  in  the  areas  of  lifetime  and  relia¬ 
bility,  where  many  require  continuous  operation  over  5  to  10-year  timeframes  with 
reliabilities  of  0.95  to  0.99,  and  in  the  area  of  allowable  generated  vibration  and 
EMI.  To  support  the  success  of  these  near-term  applications,  the  Jet  Propulsion 
Laboratory  (JPL)  has  initiated  an  extensive  cooler  characterization  test  and  analysis 
program.  This  activity  is  focused  at  developing  special  sensitive  performance 
measurement  techniques  for  quantification  of  vibration,  EMI,  and  thermal  perform¬ 
ance,  and  to  developing  carefully  instrumented  accelerated  reliability  screening  tests 
to  uncover  long-time-constant  degradation  mechanisms. 

In  January  of  1990,  JPL  took  delivery  of  one  of  the  first  Oxford-heritage  Stir¬ 
ling-cycle  coolers  manufactured  by  British  Aerospace,  and  began  the  characteriza¬ 
tion  activity  with  an  initial  emphasis  on  thermal  and  vibration  performance.  T  his 
paper  describes  the  research  results  to  date  including  the  design  and  construction  of 
JPL.’s  special  6-degree-of-freedom  force  dynamometer,  and  special  instrumentation 
used  to  measure  the  force  spectra  and  reliability  attributes  of  emerging  first-  and 
second-generation  space  Stirling-cycle  cryocoolers. 


INTRODUCTION 

In  recent  years  a  growing  number  of  space-instrument  developers  have  proposed 
using  long  wavelength  infrared  and  submillimeter  imaging  detectors  to  perform 
systematic  mapping  of  earth  and  astrophysical  subjects.  The  demand  for  low  back¬ 
ground  noise  requires  that  these  detectors,  and  often  portions  of  the  electronics  and 
optical  subsystems,  be  cooled  to  cryogenic  temperatures  in  the  range  of  60  to  150K. 
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The  expense  of  these  instruments  --  often  over  $100M  --  together  with  science 
objectives  of  continuously  monitoring  subject  changes  over  multi-year  time  spans, 
demands  cryogenic  cooling  systems  with  lives  of  5  to  10  years  with  reliabilities 
greater  than  0.95,  The  emerging  line  of  second-generation  miniature  Stirling- 
cycle  cryocoolers,  which  are  building  on  the  successful  Oxford  University  ISAMS 
cooler1,2,  are  ideally  suited  to  these  applications.  However,  to  satisfy  the  demand¬ 
ing  application  requirements,  these  emerging  Stirling  cryocoolers  must  successfully 
address  not  only  the  critical  reliability  requirement,  but  also  a  broad  array  of 
complex  interface  requirements  that  critically  affect  successful  integration  to  the 
sensitive  instalment  detectors.  Low  vibration  and  EMI,  and  improved  cooling 
performance  at  lower  temperatures  (55  to  60K)  are  particularly  important  para¬ 
meters.  Many  of  the  space  instruments  baselining  the  use  of  these  second-gener¬ 
ation  coolers  are  associated  with  NASA’s  Earth  Observing  System  (Eos)  space 
platforms  and  require  that  the  advanced  coolers  be  developed,  qualified,  and 
delivered  between  now  and  the  mid  1990’s. 

Because  the  time  available  for  design,  fabrication  and  qualification  is  signifi¬ 
cantly  less  than  the  required  operational  life,  the  design  and  qualification  process 
must  rely  on  a  thorough  and  accurate  technical  understanding  of  the  cooler’s 
performance-determining  parameters  and  on  sophisticated  testing  techniques  and 
facilities.  Examples  include: 

1)  Accurate  standardized  thermal  performance  measurement  techniques. 

2)  Sophisticated  vibration/EMI  characterization  facilities  and  techniques. 

3)  Special  non-destructive  accelerated  reliability  screening  tests  for  early 
diagnosis  of  life  limiting  failure  mechanisms  and  eventual  flight  hardware 
acceptance  testing.  This  task  is  made  particularly  difficult  by  the  strong 
sensitivity  of  Stirling-coolers  to  manufacturing  parameters  such  as  conta¬ 
mination,  machining  and  assembly  tolerances,  and  dimensional  stability. 

4)  Carefully  instrumented  long-duration  life  tests  to  discover,  quantify  and 
allow  successful  early  resolution  of  long-time-constant  failure  and  degrada¬ 
tion  mechanisms. 

In  January  of  1990,  JPL  took  delivery  of  one  of  the  first  Long-life  80K  Stirling 
cryocoolers  manufactured  by  British  Aerospace  (BAe)\  and  began  an  extensive 
characterization  activity  designed  to  learn  from  and  build  upon  the  Oxford-heritage 
in  a  program  to  assist  industry  in  meeting  the  demands  of  NASA’s  near-term  space- 
science  instruments.  Research  results  to  date  are  described  in  the  areas  of  thermal 
performance  characterization,  vibration  characterization,  and  relianility  character¬ 
ization. 


THERMAL  PERFORMANCE  CHARACTERIZATION 

Because  of  the  demands  of  long-wavelength  (up  to  15/im)  HgCdTe  infrared 
detectors,  important  NASA  Eos  instruments  are  requiring  greater  than  1  watt  of 


cooling  at  temperatures  as  low  as  55K.  This  level  of  cooling  places  increased 
emphasis  on  accurately  understanding  cooler  thermal  performance  at  the  lowest 
achievable  temperatures,  and  on  accurately  estimating  and  minimizing  the  heat 
load  that  the  cryocooler  must  accommodate.  This  heat  load  includes  both  active 
power  dissipation,  from  detectors  for  example,  and  the  sum  of  all  parasitic  loads 
--  both  conduction  down  wires  and  supports,  and  radiation  from  surrounds. 

Because  the  cryocooler  cold  finger  becomes  an  integral  part  of  the  instrument 
cryo-assembly,  it  is  important  that  it  be  designed  to  minimize  parasitic  heat  loads. 
Conduction  down  the  cold  finger  is  especially  critical  if  redundant  coolers  are  to  be 
used  without  heat  switches.  Minimizing  radiation  transfer  to  the  cold  tip  requires 
the  incorporation  of  low-emittance  surfaces  and  radiation  shields  into  the  cold  fing¬ 
er  and  its  interface  design. 

Because  parasitic  loads  are  systematically  included  into  the  design  of  the  instru¬ 
ment  cryo-assembly,  it  is  important  that  accurate  estimates  of  cooler-generated 
parrsitics  be  available,  and  that  cooler  performance  be  measured  and  quoted  for 
carefully  defined  boundary  conditions.  JPL’s  preference  is  that  cooler  performance 
be  defined  in  terms  of  total  external  refrigeration  load  --  where  external  includes 
externa!  parasitic  loads  encountered  in  the  performance  measurement  setup  such  as 
radiation  and  instrumentation  wiring;  loads  internal  to  the  cryocooler,  such  as 
conduction  down  the  cold  finger,  are  not  counted  as  refrigeration  load. 

Initial  characterization  of  the  thermal  performance  of  JPL’s  BAe  80K  Stirling 
cooler  has  highlighted  the  strong  sensitivity  of  the  measurements  to  thermal  bound¬ 
ary  conditions  and  instrumentation  parasitics.  Figure  1  illustrates  the  significant 
performance  increase  achieved  at  the  lowest  temperatures  by  carefully  incorpor¬ 
ating  low-conductivity  (Constantan)  instrumentation  wiring  to  the  cold  finger  and 
thermal  shields  to  minimize  radiation  parasitics  transferred  to  the  cold  finger  from 
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Fig.  1.  Improved  low-temperature  performance  of  BAc  80K  cooler 
resulting  from  minimizing  cold-finger  parasitics. 
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Fig.  2.  Thermal  and  power  performance  of  the  BAe  80K  cooler  over 
the  extended  operating  range  from  50  to  160K. 


its  surroundings.  The  enhancement  represents  over  a  doubling  in  performance  at 
60K  -  and  more  accurately  reflects  the  true  cooling  performance  of  the  cooler. 

Another  factor  complicating  the  comparison  of  competing  cooler  designs  is  the 
strong  dependency  (shown  in  Fig.  2)  between  cooler  input  power  and  operating 
temperature  for  a  fixed  compressor  piston  stroke.  Although  cooler  input  power  is 
the  appropriate  universal  parameter  for  comparing  competing  coolers  of  different 
designs,  the  physical  limitations  imposed  by  control  of  piston  stroke  greatly  compli¬ 
cate  taking  data  using  input  power  as  an  independent  parameter.  Note  that  for  a 
fixed  compressor  stroke,  the  input  power  of  this  cooler  drops  from  31  watts  to  19 
watts  as  the  maximum  cold-end  load  increases  from  0  watts  at  50K  to  2  watts  at 
160K.  This  reduced  power  required  at  higher  temperatures  can  be  an  important 
consideration  for  some  instrument  designs. 


VIBRATION  CHARACTERIZATION 

In  addition  to  a  cooler’s  thermal  performance,  cooler-generated  vibration  is 
another  particularly  important  parameter  for  precision  imaging  instruments;  it  thus 
has  been  targeted  as  a  key  area  for  improvement  in  the  emerging  second-genera¬ 
tion  space  Stirling  crvocoolers. 

In  characterizing  cooler-generated  vibration  it  is  useful  to  speak  in  terms  of  the 
peak  vibratory  force  imparted  by  the  cooler  into  its  supports  when  rigidly  mounted. 
This  force  is  the  reaction  force  to  moving  masses  within  the  cooler  that  undergo 
peak  accelerations  during  various  phases  of  the  cooler’s  operational  cycle.  The 
accelerations  can  be  from  controlled  motion  such  as  the  reciprocating  motion  of 
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COMPRESSOR 


Fig.  JPL  <»-degrcc-of-frcedom  force  dynamometer. 

the  Stirling  compressor  piston  and  displacer,  or  natural  vibratory  resonances  of  the 
cooler  s  elastic  structural  elements. 

Problems  occur  when  the  vibrating  interface  forces  excite  elastic  deflections  and 
resonances  within  the  instrument  structure  and  components  that  either  adversely 
affect  optical  alignment,  or  generate  spurious  electrical  signals.  The  latter  are 
generated  when  electrical  current-carrying  or  capacitively-coupled  components 
undergo  relative  motions.  Although  no  formally  agreed  upon  requirements  exist 
for  acceptable  vibratory  force  levels,  a  value  on  the  order  of  0.2  N  (0.05  lbs)  has 
gained  acceptance  as  a  reasonable  design  goal. 

To  help  quantify  and  understand  the  force  levels  generated  by  present  cooler 
designs,  JPL  has  developed  the  6-degree-of-freedom  force  dynamometer  shown  in 
Figure  3.  This  dynamometer  has  a  frequency  range  from  10  to  500  lb-  and  a  force 
sensitivity  from  0.005  N  (0.001  lb)  to  445  N  (100  lbs)  full  scale  J.  Dating  operation 
the  forces  and  moments  generated  about  each  of  the  cooler’s  axes  are  available 
simultaneously  fear  real  time  quantitative  analysis. 

Research  to  date  has  centered  on  characterizing  and  understanding  the  vu 
tion  attributes  of  first-generation  Stirling  coolers  of  the  Oxford  type  in  support  of 
achieving  significant  reductions  in  second-generation  units.  The  overall  test  setup  is 
shown  in  Figure  4. 

Figure  5  illustrates  the  typical  lime-dependent  vibration  force  generated  by  a 
single  uncompensated  BAe  80K  Stirling  compressor  in  each  of  three  principal  axes. 
Note  that  although  the  largest  force  is  in  the  piston  stroke  direction  (longitudinal 
direction),  as  expected,  considerable  force  also  exists  in  the  lateral  direction,  nor¬ 
mal  to  the  piston  axis,  and  as  a  moment  about  the  piston  axis.  The  lateral  force  is 
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Fig.  4.  Vibration  characterization  of  back-to-back  BAc  SOK  coolers  on  JPu's  force  dynamometer. 


particularly  important  because  it  cannot  be  canceled  by  running  two  coolers  back- 
to-back.  Note  also  the  high  level  of  high  frequency  harmonics  present  in  the  gener¬ 
ated  forces.  This  high  level  of  upper  harmonics  is  particularly  evident  in  the 
spectral  analysis  shown  in  Fig.  6  and  has  important  implications  relative  to  exciting 
possible  cooler  and  instrument  resonances  far  removed  from  the  cooler's  funda¬ 
mental  40-Hz  drive  frequency. 


ui 

u 

cr 

O 

u. 


< 

<r 

CD 

> 


z 

Ui 

5 

O 

5 


10 


0  H 


2  -| 
0 


t  l 


LONGITUDINAL  FORCE 

*  f  *  *  f  1  f  * 

•  i:  i;  i;  f. 


i  ■  i ? ; ' :  i  ?  ' :  ,*  i  f 1 !  i '  1 1 ;  m  f  i  ■' ;  • 


!!  i|  I!  i:  I:  I!  i;  i:  i !:  i:  ii  b  i;  n 

v  V  I  .  J  V  V  v1  «  .  \  V  »  V  V 

LATERAL  FORCE 

\  A  A  A  A  A  A  A  A  A  A  A  "•  A  A  A  A  ' 
V  v  'J  '  ;  V  V  V  V  V  a  V  V  v  V 


'  l  i! 


)  i  i  I  •  I  j  I  t  t  1  i  I  »  f  »  j  f 

i'-t  '•>  i\*.  ;j  i(l  I  f.  At  (•/  A  f  1  itfc  ?:  J  i'.r.  i\f.  A  A  f 
V  v  V  V  V  V  v  .  V  v  V  V  t  V  y  / V  V  V  v  v  f  y  V  *  V  v  y  V  'A'  V  v 

MOMENT  ABOUT  LONGITUDINAL  AXIS 


f  50 


Ui 

O 

0  § 
u. 

z 

o 

p 

< 

cc 

a> 


£ 

V 

20  Z 
0  5 

in 

3 

O 

3 


Fig.  S.  Typical  vibration  force  versus  lime  for  single  BAc  SUK  compressor 
with  conventional  BAc  la!  cicctiomcv 


z 


ID 

o 

a 

O 


z 

o 

p 

5 

ffi 

> 


Fig.  <>.  Influence  of  electronic  drive  distortion  on  the  vibration  force  spectrum 
of  a  single  BAe  80K  compressor. 

During  the  course  of  the  research  it  became  evident  that  'he  harmonic  purity 
and  closed-loop  control  implementation  within  the  compressor  drive  electronics 
plays  an  important  role  in  the  generaaon  of  upper  harmonics.  As  a  result,  a  very 
low  distortion  amplifier  and  high  purity  function  generator  were  substituted  for  the 
conventional  closed  loop  compressor  drive  electronics.  The  significant  improve¬ 
ment  achieved  w'ith  the  low  distortion  open-loop  drive  is  illustrated  in  Fig.  6.  Even 
greater  reductions  were  achieved  in  the  lateral  direction. 

With  the  help  of  a  second  cooler  from  BAe/TRW,  a  variety  of  tests  have  been 
conducted  with  two  coolers  back-to-back  to  access  the  levels  of  vibration  cancella¬ 
tion  achievable,  and  the  sensitivity  of  the  nulling  to  various  operational  parameters. 
In  general,  it  was  found  that  open-loop  back-to-back  nulling  of  the  40-Hz  funda¬ 
mental  is  relatively  easy  to  achieve  with  the  visibility  provided  by  the  force  dynamo¬ 
meter;  however,  when  this  is  done,  the  80-Hz  harmonic  is  nulled  to  a  lesser  extent, 
and  little  if  any  cancellation  occurs  in  the  upper  harmonics  (120  Hz  and  up).  The 
poor  cancellation  of  the  upper  harmonics  makes  the  net  vibration  of  a  back-to-back 
compressor  pair  quite  sensitive  to  the  harmonic  purity  of  the  drive  electronics  as 
shown  in  Figs.  7,  8  and  9. 

With  high  purity  electronics  (Fig.  9),  significant  (100X)  reductions  in  vibration 
were  achievable  with  back-to-back  coolers.  Lowering  the  levels  further  required 
simultaneous  nulling  at  multiple  frequencies  using  injected  harmonics  phase-locked 
to  the  40-IIz  drive  oscillator.  This  complex  open-loop  nulling,  shown  in  Fig.  10, 
resulted  in  most  harmonics  near  or  below  the  0.2-N  (0.05  lb)  goal. 

Tests  of  the  vibration  force  of  the  displacers  revealed  vibration  spectra  similar 
in  harmonic  content  to  those  generated  by  the  compressors,  but  with  lower  levels, 
as  expected.  Because  the  level  of  vibration  cancellation  achievable  with  back-to- 
back  displacers  was  less  dramatic  than  with  the  compressors,  the  residual  forces 
were  comparable.  An  overview  of  the  forces  for  both  compressors  and  displacers  is 
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Fig.  10.  Low-level  residual  forces  achieved  with  back-to-back  compressors 
and  low-distortion  drive  electronics  with  40,  120  and  160  Hz  nulling. 

is  presented  in  Table  1.  Note  that  the  harmonic  purity  of  the  compressor  drive 
electronics  had  a  modest  (2x)  effect  on  the  net  vibration  of  back-to-back  displacers. 

Although  the  overall  level  of  nulling  of  both  compressors  and  displacers  was 
found  to  be  i datively  insensitive  to  many  parameters,  such  as  the  radial  alignment 
of  the  back-to-back  units  (up  to  1.5  mm)5,  most  operating  parameters  such  as 
piston  stroke  and  operating  temperature  had  significant  effects.  This  implies  that 
some  sort  of  active  closed-loop  nulling  will  be  required  for  flight  coolers. 


Table  1.  Summary  of  RMS  Vibration  Forces  and  Moments  for  BAe  Cooler 


Configuration 

Longitudinal 
Force 
lbs.  (N) 

Lateral 
Force 
lbs.  (N) 

Moment  about 
Piston  axis 
in  lbs.  (N-cm) 

Single  Compressor,  Conventional  Elect. 

9.60  (43) 

1.00  (4.5) 

1.20  (13  5) 

Dual  Compressors,  Low-distortion  Elect. 

0.09  (0.4) 

0.12  (0.5) 

0.20  (2.26) 

Single  Displacer,  Conventional  Elect. 

0.40  (1.8) 

0.80  (3.6) 

0.20  (2.26) 

Dual  Displacers,  Conventional  Elect. 

0.18  (0.8) 

0.05  (0.2) 

0.03  (0.34) 

Dual  Disp.,  Conv.  Elect.  w/Low-dist.  Comp. 

0.09  (0.4) 

0.09  (0.4) 

0.03  (0.34) 

RELIABILITY  CHARACTERIZATION 

Although  good  efficiency  and  low-vibration  are  necessary  conditions  for  success¬ 
ful  space  application,  lifetime  and  reliability  are  probably  the  issues  currently  most 
responsible  for  limiting  the  use  of  Stirling  crvocoolers  in  space.  There  is  sharp 
contrast  between  the  demonstrated  reliability  to  date  with  Stirling  coolers  in  space 
and  the  requirement  for  5  to  10-year  life  with  0.95  reliability. 
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The  historical  lack  of  reliability  in  mechanical  coolers  stems  directly  from  their 
extreme  sensitivity  to  both  gaseous  and  particulate  contamination.  Any  gaseous 
contaminant  such  as  water  vapor  or  hydrocarbon  gases  is  gettered  to  the  cold  end 
of  the  cooler  where  it  condenses  or  freezes  and  inhibits  the  refrigerator  function. 
This  places  rigorous  constraints  on  the  purity  of  initial  refrigerant  gases,  on  the 
degassing  of  internal  cooler  surfaces,  on  the  use  of  any  potential  outgassing  mater¬ 
ials  such  as  polymers,  and  on  any  degradation  mechanisms  that  could  lead  to  the 
generation  of  contaminant  gases. 

Directly  tied  to  the  problem  of  contamination  is  the  problem  of  wear,  because 
the  lubricity  or  wear  tolerance  of  most  surfaces  is  strongly  tied  to  the  presence  of 
lubricants  and  surface  plasticizers  -  most  of  which  outgas  contaminant  gases.  The 
result  has  been  an  unwritten  rule  that  a  long-life  cryocooler  must  avoid  rubbing 
surfaces.  The  flexure  bearings  and  piston  clearance  seals  incorporated  into  the 
Oxford  Stirling-cooler  design  are  examples  of  the  application  of  this  rule. 

Unfortunately,  in  trade  for  the  exclusion  of  rubbing  surfaces,  linear  Stirling 
coolers  of  the  Oxford  type  must  contend  with  a  strong  sensitivity  to  manufacturing 
and  assembly  precision  and  to  cooler  dimensional  stability.  Both  this  assembly 
sensitivity  as  well  as  the  sensitivity  to  contamination  and  leakage  raise  the  possi¬ 
bility  of  modest  unit-to-unit  variability  in  life  and  reliability. 

A  second  challenge,  closely  related  to  the  challenge  of  achieving  high-reliability, 
long-life  refrigerators,  is  measuring  their  life.  This  is  particularly  difficult  because 
there  are  no  accepted  means  to  accelerate  the  degradation  mechanisms  in  a  quanti¬ 
tative  way,  and  no  obvious  means  of  measuring  a  cooler’s  reliability  other  than 
running  it  until  failure  occurs.  This  stresses  the  importance  of  developing  means 
for  qualifying  coolers  for  space  application,  and  for  running  acceptance  tests  on 
each  flight  unit.  Dealing  with  expected  unit-to-unit  variability  will  require  diligent 
manufacturing  controls  to  be  developed  in  addition  to  the  specialized  qualification 
tests  and  screening  techniques  for  flight  units. 


-4-3-2-10  1  2  3  4 

PISTON  DISPLACEMENT,  mm 


Fig.  11.  Characteriz-ation  and  verification  of  piston  clearance  using  ultra-low-frequency  drive. 
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Fig.  12.  Possible  deleterious  high-frequency  resonance  excited  by 
low-level  noise  in  cooler  drive  electronics. 


In  support  of  these  needs,  one  set  of  reliability  investigations  at  JPL  has  cen¬ 
tered  on  developing  non-destructive  screening  tests  for  piston  and  displacer  clear¬ 
ance.  One  trial  technique,  illustrated  in  Fig.  11,  involves  driving  the  cooler  at 
extremely  low  frequencies  (0.001  to  1  Hz)  and  plotting  the  required  drive  current 
—  which  is  proportional  to  drive  force  --  versus  piston  displacement.  At  these  low 
frequencies,  gas  pressure  is  extremely  sensitive  to  piston  clearance,  and  rubbing  is 
immediately  apparent  as  stiction  or  discontinuity  in  the  current- displacement  plot. 

As  opposed  to  the  standard  "pluck  test",  which  uses  piston  resonant  decay  to  assess 
clearance  during  construction,  this  test  is  useful  under  a  wide  variety  of  post-build 
environmental  conditions. 

A  second,  related  reliability  issue  is  the  possibility  of  dynamic  piston  contact 
during  operation;  such  contact  could  be  caused  by  radial  oscillation  of  the  piston 
excited  through  cross-coupling  with  one  or  more  of  the  upper  harmonics  of  the 
40-Hz  drive  frequency.  Unfortunately  the  degree  of  cross-coupling  and  the  ampli¬ 
fication  level  can  be  quite  sensitive  to  the  details  of  the  cooler’s  structural  mount. 
Figure  12  illustrates  a  high-level  self-induced  resonance  in  a  test  cooler  as  seen  on 
the  force  dynamometer.  Such  resonances  could  severely  impact  the  reliability  of 
the  cooler  during  operation  and  need  to  be  attenuated  to  the  maximum  extent 
possible. 

SUMMARY 

Meeting  the  performance  goals  of  near-term  space-science  instruments  places 
demanding  requirements  on  long-life  space  Stirling-cycle  coolers.  The  most 
stringent  of  the  requirements  is  1-watt  cooling  at  55K  with  minimum  levels  of 
cooler-generated  vibration  and  F.M1;  this  must  be  achieved  continuously  over  a  5  to 
10-year  timeframe  with  a  reliability  greater  than  0.95.  These  requirements  surpass 
the  demonstrated  performance  of  existing  Stirling-cycle  coolers  such  as  the  ISAM’s 
Oxford  cooler,  and  require  that  advanced  second-generation  coolers  be  developed 
and  qualified  by  the  mid  1990’s. 
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An  important  element  of  the  development  of  these  advanced  coolers  is  identi¬ 
fying  and  understanding  the  detailed  user  interface  requirements  of  the  intended 
applications  and  building  on  the  strengths  and  limitations  of  the  evolving  cooler 
technologies.  Active  collaborative  characterization  and  testing  by  the  user  com¬ 
munity  is  an  important  step  in  this  process. 

This  first  phase  of  testing  at  JPL  has  highlighted  the  need  for  standardized 
thermal  measurement  techniques,  particularly  with  respect  to  controlling  parasitic 
heat  loads  on  the  cold  finger,  and  has  illuminated  a  number  of  issues  relative  to 
achieving  acceptably  low  levels  of  cooler  generated  vibration.  Although  just  begin¬ 
ning,  reliability  testing,  including  the  development  of  special  non-destructive 
accelerated  reliability  screening  tests,  is  an  important  focus  and  critically  needed  to 
allow  the  early  diagnosis  and  resolution  of  potential  life-limiting  failure  mechan¬ 
isms.  This  area  of  activity  is  expected  to  be  a  major  JPL  focus  in  the  future. 
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ABSTRACT 

This  paper  dicusses  the  requirements  for  developing  a  cryocooler  for  computer 
cooling.  For  computer  cooling  applications,  the  cryocooler  must  perform  more  than 
the  basic  cooling  function  in  order  to  meet  the  needs  of  today’s  computer  market. 
There  are  more  than  20  different  factors  that  should  be  examined  when  the  cry¬ 
ocooler  is  being  considered,  since  it  has  a  significant  impact  on  the  overall  system 
characteristics  such  as:  (1)  physical  size,  (2)  reliability,  (3)  energy,  (4)  cost,  (5)  acous¬ 
tic  noise,  (6)  vibration,  (7)  customer  service,  (8)  safety,  and  (9)  EMI/RFI.  This  paper 
provides  discussions  on  some  of  these  issues. 


1.  OVERVIEW 

This  paper  discusses  the  general  requirements  (and  challenges)  that  arise  when 
utilizing  cryocoolers  for  the  cooling  of  modern  computers.  It  reviews  four  very  criti¬ 
cal  issues  concerning  the  cryocooler:  reliability,  maintainability,  acoustic  noise,  and 
vibration.  It  also  emphasizes  the  importance  of  adequate  specification,  performance 
monitoring,  and  reliability  qualification  as  the  three  key  technical  elements  for  the 
improvement  of  the  cryocooler’s  continuous  operability.  Continuous  operability  is  one 
of  the  key  challenges  encountered  when  utilizing  the  cryocooler  for  computer  cooling. 
The  definition  of  "failure"  for  the  cryocooler  is  discussed  with  examples  to  demon¬ 
strate  the  need  to  establish  limits  on  performance  degradation.  The  failure  modes  of 
some  cryocoolers  are  identified.  The  performance  degradation  characteristics  of  cry¬ 
ocoolers  used  in  computer  cooling  are  reviewed.  The  technology  and  methods  used 
to  monitor  and  correlate  degradation  and  impending  failures  are  discussed. 

1.1  NEEDS 

Recent  CMOS  advances  have  significant  impact  on  the  design  of  workstations. 
The  scaling  and  packaging  improvement  of  basic  CMOS  devices,  including  the  merg¬ 
ing  of  integer  and  floating-point  capabilities  onto  a  single  chip,  will  continue  to  drive 
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the  performance  of  computers  in  the  1990’s.  The  concept  of  cryogenically  chilled 
CMOS  is  not  new;  the  widely  accepted  performance  gain  that  can  result  from  the 
application  of  cryogenic  chilling,  can  benefit  a  wide  range  of  commercial  and  tech¬ 
nical  applications.  With  proper  process  design  using  today’s  technology,  the  CMOS 
devices  are  also  expected  to  be  so  reliable  at  cryogenic  temperatures  that  it  will  not 
be  factor  in  the  overall  system  reliability  calculation.  In  addition,  the  use  of  refrig¬ 
eration  for  computer  cooling  also  provides  the  opportunity  to  integrate  the  computer 
cooling  system  with  the  building  heating/cooling  system,  which  increases  the  total 
system  availability,  and  reduces  the  total  energy  consumption  and  building  system 
cost  associated  with  computer  cooling.  1 

In  recent  years,  the  development  of  low-temperature  refrigerators  have  been 
spurred  by  the  need  for  reliable  cryocoolers  for  use  with  special  sensors  and  for  su¬ 
perconducting  devices  and  systems.  This  need  has  provided  the  impetus  for  the 
development  of  new  cryocoolers  and  the  continued  refinement  of  various  components 
associated  with  the  device.  Some  of  the  tnese  refrigerator  developments  and  compo¬ 
nent  improvements  are  highlighted  in  references  2  and  3.  As  concluded  in  reference 
2,  considerable  strides  have  been  made,  but  more  have  to  be  accomplished  before  the 
desirable  reliability  is  achieved.  Since  some  of  the  requirements  for  cryocoolers  in 
computer  application  are  even  more  demanding  when  compared  with  those  applica¬ 
tions  discussed  in  reference  2,  there  is  a  far  more  critical  need  for  the  development 
of  reliable  and  cost  effective  cryocoolers  for  computer  cooling  applications. 

1.2  IMPACTS 

The  purpose  of  the  cryocooler  is  to  service  its  intended  end  function.  For  computer 
cooling,  the  intended  end  function  is  ''chilling”.  However,  the  cryocooler  must  provide 
more  than  just  perform  the  basic  equipment  chilling  function  in  order  to  meet  the 
needs  of  today’s  market.  There  are  more  than  20  different  factors  that  should  be 
examined  when  the  cryocooler  is  being  considered.  4  As  in  most  engineering  design, 
the  optimum  solution  will  result  from  a  series  of  trade-offs.  Any  single  factor  may 
alter  the  choice  of  the  cryocooler.  When  the  cryocooler  is  used  for  computer  cooling,  it 
is  a  key  element  in  the  computer  system,  and  has  a  significant  impact  on  the  overall 
system  characteristics. 


Examples: 


Physical 

Cryocooler  may  occupy  e  significant  portion  of  the  system  volume.  The  space 
required  for  the  cryocooler  may  be  more  than  that  required  for  the  power  system 
and  may  exceed  50%  of  the  system  volume. 

Reliu  jilitv 

“ 

Cryocooler  will  be  one  of  the  key  reliability  elements  of  the  enure  system  and  may 
even  be  the  dominant  reliability  element. 

Energy 

- 

Cryocooler  will  have  significant  impact  on  tho  energy  usage  of  the  computer 
systems. 

Cost 

* 

Cryocooler  may  exceed  10%  of  the  system  hardware  cost. 

Acoustics 

- 

Cryocooler  may  be  the  key  source  of  acoustic  noise. 
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Vibration 

Customer  Service 

Safety 

EMt/RFI 


Cryocooler  may  be  the  key  source  of  self-induced  vibration  which  will  have  great 
impact  on  the  integrity  of  system  Interconnections. 

Cryocooler  may  contribute  substantially  to  the  Service  cost  for  maintaining  com¬ 
puter  systems  in  the  field. 

Cryocooler  safety  issues  and  agency  approval  may  be  the  gating  item  on  meeting 
time-to-market  of  some  computer  systems. 

Cryocooler  will  be  one  of  the  sources  generating  conducted  and  radiated  noise. 


2.  RELIABILITY 

For  computers,  reliability  is  the  main  thrust  in  designing  for  performance.  This 
section  addresses  several  critical  reliability  related  issues  such  as  degradation  and 
specification  format.  4'6  6 

2.1  DEGRADATION 

Excessive  performance  degradations  have  been  exhibited  by  some  cryocoolers 
in  computer  cooling  applications.  7  In  order  to  specify  the  failure  rate  (or  life) 
of  a  cryocooler,  the  first  item  that  must  be  defined  is  the  term  "FAILURE".  For  a 
cryocooler,  failure  has  to  be  defined  as  the  degradation  condition  when  it  fails  to  meet 
the  minimum  or  exceeds  the  maximum  limitB  of  the  specification.  For  example,  the 
cryocooler  shall  be  considered  a  "FAILURE' ,  when: 

•  its  power  consumption  is  increased  by  U%,  which  will  have  an  impact  on  the 
power  supply, 

•  its  self  induced  vibration  is  increased  by  V%,  which  will  have  an  impact  on 
the  integrity  of  system  interconnections  (electric,  hydraulic,  pneumatic,  and 
mechanical), 

•  its  acoustic  noise  level  is  increased  by  W%,  which  will  violate  the  product 
label  value  on  noise. 

Thus,  for  a  cryocooler,  the  definition  of  "FAILURE"  cannot  be  "TOTALLY  DEAD".  The 
true  useful  life  of  a  cryocooler  is  determined  by  the  amount  of  degradations  that  can 
be  tolerated  before  the  Bystem  ceases  to  properly  perform  its  function.  This  useful  life 
has  to  be  based  on  the  quantitative  effects  of  wear  and  on  the  limit  set  for  performance 
degradation.  The  extent  of  the  change  in  performance  due  to  degradation  (such  as  U, 
V,  and  W)  cannot  be  generalized,  since  they  all  depend  on  the  margins  of  the  system 
design  (such  as  redundancy)  and  safety  factors  which  are  built  into  the  cryocooler 
specification. 

To  ensure  system  integrity  and  system  quality,  the  useful  life  of  a  cryocooler 
is  based  on  the  maximum  allowable  degradation  in  its  performance  requirements  as 
established  in  the  specification  for  the  cryocooler.  Table  1  lists  some  of  the  parameters 
that  will  impact  the  performance  of  the  cryocooler. 
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Table  1:  Examples  of  Degradation  In  Performance. 

1 .  increase  in  acoustic  noise 

2.  reduction  in  (low  rate  (or  speed,  etc.) 

3.  increase  in  EMI 

4.  reduction  in  energy  output 

5.  increase  in  EMP 

6.  change  of  start  up  torque 

7.  Increase  in  the  requirement  of  start  up  vottage  or  current 

8.  increase  in  RFI 

9.  increase  in  electric  noise 

10.  increase  in  power  consumption 

11.  increase  in  self  induced  vibration 

12.  leakage  (air,  water,  electric,  etc.) 

13.  change  of  temperature 

14.  change  of  pressure 


Table  2  lists  some  of  the  common  parta/causes  contributing  to  one  or  more  failure 
modes  identified  in  Table  1. 


Table  2:  Some  Common  Parts/Causes  for  Cryocooler  Failures. 

1  2  3  4  5  6  7  8  9  10  11  12 

(see  Table  1  for  description) 

13  14 

a. 

electronic  parts 

X 

X 

X 

X 

X 

X 

X 

X 

X  X 

b. 

control 

X 

X 

X 

X 

X 

X 

X 

X  X 

c. 

bearing 

X 

X 

X 

X 

X 

X 

X 

X 

X 

d. 

bellow 

X 

X 

X 

X 

X 

X 

X 

X 

e. 

motor 

X 

X 

X 

X 

X 

f. 

lubricant 

X 

X 

X 

X 

X 

X 

X 

9 

fastener 

X 

X 

X 

X 

X 

X 

h. 

adhesive 

X 

X 

X 

X 

X 

X 

1. 

vibration  isolator 

X 

X 

X 

X 

X 

X 

j- 

seal 

X 

X 

X 

X 

k. 

contamination 

X 

X 

X 

X 

X 

X 

X 

X 

X 

1. 

acoustical  material 

X 

X 

X 

X 

m. 

valve 

X 

X 

X 

X 

X 

X 

X 

X 

n. 

coupling 

X 

X 

X 

X 

X 

X 

X 

0. 

washer 

X 

X 

X 

X 

X 

X 

X 

X 

p 

housing 

X 

X 

X 

X 

X 

q- 

process 

X 

X 

X 

X 

X 

X 

X 

X 

X  X 

X 

X 

X 

X 

(such  as  outgassing) 
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The  extent  of  the  change  in  performance  degradations  cannot  be  generalized,  since 
they  are  dependent  on  system  desisn  redundancy  and  built-in  safety  factors.  Table 
3  lists  examples  of  values  that  may  be  considered  for  the  maximum  allowable  degradation 
of  performance  criteria. 


Table  3:  Maximum  Allowable  Degradation  In  Performance  Over  Product  Life  Time. 

Performance 

Maximum  Degradation 

1 .  increase  in  acoustic  noise 

2  dB 

2.  reduction  in  flow  rate  (or  speed,  etc.) 

15  % 

3.  reduction  in  energy  output 

15  % 

4.  change  in  start  up  torque 

20  % 

5.  increase  in  start  up  voltage  or  current 

15  % 

6.  increase  in  power  consumption 

15  % 

7.  increase  in  self  Induced  vibration 

5  dB 

2.2  CHYOCOOLER  RELIABILITY 

L-10  (the  time  during  which  90%  of  the  population  can  be  expected  to  survive,  10% 
having  failed)  can  be  used  to  specify  cryocooler  life.  The  term  "Reliability"  denotes 
the  probability  that  a  specimen  from  a  product  population  will  continue  in  service  at 
some  specified  tune.  The  concept  is  frequently  expressed  in  terms  of  "MTBF",  that  is 
the  average  service  time  accumulated  by  the  product  between  successive  failures  of  a 
member.  It  is  the  reciprocal  of  "failure  rate",  which  is  the  number  of  failures  per  unit 
of  operating  time.  The  exact  significance  of  this  measure  for  the  broader  concept  of 
reliability  is  dependent  on  the  way  in  which  failures  in  the  population  are  distributed 
over  time.  That  distribution  also  provides  the  relationship  between  reliability  and 
life.  Unlike  ICs  which  tend  to  have  a  decreasing  failure  distributions,  cryocoolers 
with  BLDC  motors  can  have  components  with  every  type  of  failure. 

•  increasing, 

•  constant, 

•  decreasing. 

Thus,  cryocoolers  do  not  have  constant  rate  of  failure.  For  most  ciyocoolers  with  BLDC  mo¬ 
tors,  then  life  characteristics  are  represented  by  Weibull  functions.  There  are  indications  that 
for  many  cryocoolers,  some  components  (such  as  the  motor  electronics  or  bellows,  for  exam¬ 
ple)  might  dominate  failure  mode  for  the  short  period  (early  in  life),  and  mechanical  failures 
would  dominate  after  the  products  are  in  service  for  a  long  period  of  time.  Table  4  represents 
an  adequate  format  for  describing  or  for  specifying  the  life  of  cryocoolers.  Only  hypothetical 
MTFB  values  are  used  in  Table  4  to  demonstrate  the  concept  of  the  “format”. 
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Table  4:  Reliability  Specification  Format. 

"Hypothetical"  Steady  State  MTBF,  in  hrs 
1st  Year  2nd  Year  3rd  Year  4th  Year  5th  year 

MTBF 

at  40  C  see  note  1200K  1150K  850K  450K 

ambient 

Note:  During  the  first  year,  motor  electronics'  or  other  component's  infancy  is  the  dominate  failure  factor. 


3.  MONITORING 

Predictive  maintenance  programs  based  on  the  periodic  monitoring  of  critical 
system  parameters  are  well  known  and  their  success  is  well  documented.  It  sup¬ 
plies  the  periodic  data  that  is  necessa  y  for  the  prevention  of  catastrophic  failures, 
and  also  permits  optimal  scheduling  of  preventive  maintenance.  For  monitoring  the 
performance  of  cryocoolers,  analyses  of  the  degradation  trends  provide  the  ultimate 
prediction  of  an  impending  failure.  This  prediction  process  can  be  summarized  as 
follows: 

•  monitor  or  detect  degradation  (level,  in  time  or  frequency  domain), 

•  identify/differentiate  degraded  components, 

•  predict  the  remaining  life  by  extrapolating  the  degradation  trends  to  project 
when  unacceptable  performance  level  will  be  reached  and  therefore  deter¬ 
mine  when  the  machine  must  be  serviced. 

3.1  AVAILABILITY 

For  the  computer  cooling  function,  the  availability  of  certain  machinery  ie  so 
critical  to  production  and  profitability  that  it  is  not  sufficient  to  only  have  monthly 
or  even  weekly  monitoring.  In  such  instances,  it  is  essential  to  maintain  continuous, 
on-line  monitoring.  Furthermore,  for  computer  cooling,  it  will  not  be  economically 
practical  to  implement  frequent  standard  maintenance  practices  (which  are  common 
to  other  industries  -  such  as  warming  up  the  refrigerator  at  leaet  once  a  week  for 
decontamination  of  the  vacuum  cold  trap)  to  reduce  degradation.  The  following  tech¬ 
niques  are  examples  used  in  the  control  and  monitoring  of  computers,  in  which  the 
intended  goal  is  to  attain  higher  availability.  8  9 

•  component  redundancy, 

•  preventive  maintenance, 

•  predictive  maintenance  system. 
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References  8  and  9  both  describe  examples  ol  control  and  monitoring  systems  for 
computers  cooled  with  chilled  water.  The  cooling  systems  include  a  spare  pump  and 
chiller.  Each  of  which  operates  automatically  if  any  of  the  regular  pumps  or  the 
chiller  fails.  In  these  computers,  module  temperature,  freon  gas  temperature,  water 
flow  rate,  water  leakage,  quantity  of  water  and  water  temperature  are  monitored  and 
switches  to  the  standby  units  if  a  serious  malfunction  occurs  in  the  chiller  or  pumps. 
The  cooling  system  has  two  failure  levels  -  the  first  level  is  the  warning  level  and  it 
implies  a  non-fatal  failure,  that  is  failures  of  components  with  redundant  parts,  so 
the  cooling  system  can  continue  to  operate.  The  second  failure  level  is  the  shutdown 
level,  which  requires  the  cooling  system  to  stop  immediately  These  information  on 
the  failure  levels  are  all  displayed  on  the  maintenance  panel  and  reported  to  the 
service  processor. 

3.2  DATA  BASE 

The  prediction  of  machinery  life  is  generally  handled  by  establishing  limits  based 
on  previous  experience.  For  predictive  maintenan..^  systems,  a  good  data  base  for 
decision  making  is  as  important  (if  not  more)  as  the  hardware  for  data  collection  and 
signal  processing  (both  in  time  and  frequency  domain).  An  example  of  the  importance 
of  good  data  base  is  given  by  reference  10,  which  describes  the  technical  base  for 
an  EKG  Multiphase  Information  System  (EMPI)  with  a  qualitative  diagnostic  rate 
of  85  to  90%  and  a  differential  diagnostic  rate  of  70  to  90%  (that  can  differentiate 
8  common  heart  diseases).  Two  key  reasons  contribute  to  the  success  of  EMPI  over 
the  conventional  EKG  heart  machine  -  one  reason  being  its  capability  to  utilize  the 
power  spectrum,  phase  shift,  coherence  function,  impulse  response,  cross  correlation 
and  amplitude  histogram  to  analyze  the  EKG  wave  forms,  and  the  other  reason 
is  that  it  has  an  enormous  clinical  data  base  (collected  over  the  past  10  years)  to 
generate  reliable  indicators. 

Although  a  cryocooler  is  not  as  complicated  as  the  human  heart,  a  good  data 
base  is  also  a  prerequisite  for  any  successful  cryocooler  monitoring  system  Failures 
of  cryocoolers  are  often  very  difficult  to  generalize.  The  time  taken  for  a  cryocooler  to 
progress  from  fault  initiation  to  catastrophic  failure  varies  greatly  with  the  type  of 
cryocoolers,  the  type  of  applications,  etc.  Some  cryocoolers  degrade  slowly  over  time 
while  others  may  seem  to  fail  quickly  without  any  advance  warning.  Tb  minimize 
the  cost  of  cryocooler  failures  and  to  maximize  the  availability  of  critical  equipment, 
a  good  data  base  is  essential  for  the  identification  of  faults  and  degradations  in  a 
cryocooler. 


4.  ACOUSTIC  NOISE  AND  VIBRATION 

For  computer  cooling,  the  cryocooler  wall  be  the  major  source  of  acoustic  noise  and 
self-induced  vibration.  Recent  developments  in  semiconductors  and  superconductors 
have  opened  up  the  potential  for  extensive  application  of  cryocoolers  in  the  computer 
industry.  However,  as  in  other  applications,  the  inherent  vibration  and  the  acoustic 
noise  associated  with  some  cryocoolers  may  preclude  then  use  for  computer  cooling.11 
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11  For  certain  types  of  cryocoolers,  the  acoustic  noise  emitted  by  these  devices  may 
be  the  limitation  to  their  potential  cooling  applications.  12  This  section  reviews  the 
acoustical  requirements  and  the  acoustic  measurement  methodology  for  cryocoolers 
used  in  computer  cooling  in  general. 

4.1  REQUIREMENTS 

Since  the  cryocc  ')er  will  often  be  the  key  source  of  acoustic  noise,  the  EEC- 
directive  89/392  of  14  June  1989  on  the  approximation  of  the  laws  of  Member  States 
relating  to  machinery  (so-called  "machinery  safety  directive  ")  is  only  the  minimum 
requirement  for  cryocoolers  that  will  be  sold  in  the  huge  EC  92  market  In  addition 
to  all  the  regulatory  requirements,  it  has  been  increasingly  evident  that  the  acous¬ 
tical  quality  of  computers  has  become  a  very  important  element  of  decision  making 
which  the  consumer  applies  when  purchasing  equipment.  Cryocoolers  will  have  to 
be  designed  for  more  stringent  requirements  as  established  by  the  various  computer 
companies  in  order  to  meet  their  special  market  needs.  The  task  of  lowering  the  noise 
generated  by  cryocoolers  is  assuming  increasing  importance,  for  both  commercial  and 
regulatory  needs  References  13  and  14  provide  some  insights  on  the  directions  and 
trends. 

4.2  MEASUREMENT 

The  measurement  of  cryocooler  acoustic  noise  requires  extremely  careful  control  of 
a  multiple  of  variables  (including  the  cryocooler  operating  conditions  and  test  system 
configuration)  in  order  to  obtain  useful  results.  During  the  past  decade,  the  trade  as¬ 
sociations  representing  the  U.S.  and  the  European  computer  industries  have  reached 
an  agreement  on  the  measurement  methods  for  their  products.  These  measurement  methods 
have  been  standardized  nationally  and  internationally.  Whenever  possible,  acoustical  mea¬ 
surements  should  be  integrated  into  the  cryocooler  general  performance  measurement  pro 
cedures  in  order  to  produce  the  most  useful  data.  American  National  Standard  Institute  stan¬ 
dard  SI  2. 10  (Method  for  Measurement  and  Designation  of  Noise  Emitted  by  Computer  and 
Business  Equipment)  has  been  integrated  into  several  refrigerator  performance  measure¬ 
ment  and  rating  standards.  Examples  are  ANSI/ASHRAE  127P  for  Air  Conditioner,  and 
ANSI/ASHRAE  128P  for  Spot  Cooler.  Reference  15  provides  a  summary  of  many  useful 
acoustical  standards. 


5.  SPECIFICATION  AND  QUALIFICATION 

The  importance  of  an  adequate  specification  and  qualification  plan  cannot  be 
over-emphasized  fir  cryocoolers  that  will  be  used  in  muss  produced  products  for  the 
consumer  market.  It  is  the  link  between: 

•  performance  requirements, 

•  procurement  for  life  cycle  total  cost, 

•  acceptance  test  (proto-type,  pre-production,  production,  etc.), 
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•  vendor  process  control  and  ongoing  quality  conformance, 

•  etc. 

The  structures  of  a  complete  specification  and  a  detailed  qualification  plan  are 
very  comprehensive  and  are  beyond  the  scope  of  this  paper.  However,  this  paper  will 
address  four  general  topics:  general  specification,  process  requirement  (which  will 
be  an  integral  part  of  the  specification  requirement),  performance  qualification  and 
process  qualification. 

6.1  GENERAL  SPECIFICATION 

Specifications  of  cryocoolers  shall  include  both  "performance"  requirements  and 
"process"  requirements  as  follows: 

i  mechanical  requirements  such  as: 

•  material  and  finish, 

•  cable  and  connector, 

•  fans, 

•  seal, 

•  bellow, 

•  bearing, 

•  O-ring, 

•  filter, 

•  refrigerator, 

•  heat  exchanger, 

•  motor, 

*“  vibration  isolation, 

■»  configuration  and  dimension, 
ii  electrical  requirements  such  as: 

•  voltage  range, 

•  power  requirement, 

•  motor  characteristics, 

•  motor  protection, 

•  transient  line  voltage  protection, 

•  electro  magnetic  compatability, 

•  low  voltage  start  up  and  start  up  current, 

•  current  ripple, 

•  control. 
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iii  performance  requirements  such  as: 

•  thermodynamics, 

•  life  and  reliability  (wear  out,  steady  state  MTBF  for  motor  electronics,  shelf, 
etc.), 

•  acoustic  noise, 

•  self-induced  vibration, 

•  quality, 

•  maintainability. 

iv  environmental  requirements  such  as: 

•  temperature, 

•  humidity, 

•  shock  find  vibration, 

•  altitude. 

v  safety  requirements  such  as: 

•  agency  approval, 

•  material  certification, 

•  regulatory  requirements  (OSHA,  EPA,  etc.), 
vi  manufacturing  requirements  such  as: 

•  material  and  construction, 

•  process  and  capability, 

•  special  test  and  examination. 

5.2  PROCESS  REQUIREMENT 

For  the  cryocooler,  the  goal  is  to  incorporate  product  consistency  requirements 
in  the  purchase  specifications.  This  implies  that  "target  value",  "real  engineering 
tolerance"  and  "process  capability  index  (  Cpk)"  are  integral  parts  of  the  purchase 
specification.  The  requirements  imply  process  control  centering  around  the  target 
value  and  continued  improvement  since  Cpk  (as  defined  in  equation  1)  shall  grow  over 
time  (see  Table  5).  The  target  value  is  an  "optimal"  or  "ideal"  value  and  specification 
limits  indicate  "acceptable"  tolerance.  A  capable  process,  maintained  in  a  state  of 
statistical  process  control,  will  deliver  on-target  performance. 

Cpk  =  -  X),(X-  LSL) j  ( j } 

6  *  a 
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where, 

X  -  mean  of  distribution, 

US  I,  =  upper  specification  limit, 
LSL  =  lower  specification  limit, 
a  =  standard  deviation. 


Table  5:  Cpk  Growth. 

Time  in  Product  Lite 

Cpk  Required 

Minimum  Requirement  For  Qualification 

1 .00  or  better 

Initial  Production 

1 .33  or  better 

Steady-state,  Volume  Production 

1.50  or  better 

Mature  Process 

2.00  or  better 

For  normal  distribution,  the  relationship  between  Cpk  values  and  the  %  defective 
is  given  in  Table  6. 


Table  6:  Cpk  and  Defects. 

Cpk  Values 

%  Defective 

1.00 

0.27% 

1.33 

0.0064% 

1.50 

0.00068% 

2.00 

Hardly  Any 

5.3  PERFORMANCE  QUALIFICATION 

One  important  task  of  any  cryocooler  development  program  is  to  develop  test 
nla^a  and  methodology  to  provide  meaningful  assurance  that  performance  targets  of 
ci  vocoders  will  be  met.  The  structure  of  a  proper  qualification  plan  is  comprehensive 
and  should  be  a  subject,  in  itself.  It  is  beyond  the  scope  of  this  paper.  This  paper 
will  only  discuss  the  flow  chart  for  performance  qualification  and  the  procedures  of 
process  qualification. 

For  performance  qualification,  the  greatest  emphasis  should  be  placed  on 
the  cryocooler ’s  parts  teRt/analysis  in  the  early  design  stages  (conception,  proto-type 
and  pre-production).  Figure  1  shows  the  minimum  requirement  for  performance 
qualification  with  degradation  considerations  incorporated. 
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************* 

*  Qualification  Sample  * 
************* 


V  I 

V  V 


Visual  and  Performance 


V  PASS  | 

V  V 


Service 


V  PASS  | 

V  V 

Mechanical 


V  PASS  | 

V  V 


|  Electrical 


V  PASS  | 

V  V 


I  Acoustics 


V  PASS  | 

V  V 

Vibration 


V  PASS  | 

V  V 

EMI /RF I /SAFETY 


V  PASS  | 

V  V 


Environmental 


I  I  PASS  | 

I  **********  I  j 

I  *  QUALIFIED  UNIT  *-« -  V 

j  ********** 

-<< - - - |  Reliability  f 

PASS 


| - 

FAIL 


, - 

FAIL 


FAIL 


| - 

FAIL 


FAIL 


FAIL 


, - 

FAIL 


FAIL  | -- 
--> 
GET 

NEW  SAMPLES 
AND  REPEAT 
TESTS  UNTIL 
UNIT  IS 
QUALIFIED 


Figure  1:  Qualification  Flow  Chart. 
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A  A 


NOTE  : 


1 .  PASS  =  meet  specification  requirement, 

2.  <-  =  flow  before  reliability  test, 

3.  «"  =  flow  after  reliability  test, 

4.  before  (and  after)  reliability  test,  the  ordering  (with  the  exception  of  environmen¬ 
tal  test)  in  the  flow  chart  is  arbitrary  and  it  is  often  decided  by  the  availability 
and  schedule  of  the  laboratories  for  qualification  test, 

5.  for  the  reliability  demonstration,  MIL  STD  781C  is  used  to  establish  the  sample 
si2e  and  test  time  required  for  the  qualification. 

5.4  PROCESS  QUALIFICATION 

Before  the  part  is  qualified,  the  vendor  processes’  capability  to  consistently 
manufacture  parts  that  meet  the  purchase  specification,  have  to  be  demonstrated 
and  qualified.  This  is  to  assure  that  the  parts  are  capable  of  problem-free  instal¬ 
lations  while  minimizing  inventory,  in-house  staging,  testing  and  trouble  shooting, 
along  with  minimizing  field  assembly,  test  and  repair.  In  order  to  be  qualified,  the 
cryocooler  manufacturer  has  to  provide  manufacturing  plans  for  review  and  approval. 
Ad  minimum  requirements,  the  manufacturing  plans  shall  include: 

a.  Manufacturing  process  flow  documentation, 

b.  Material  acquisition  and  control  which  include, 

•  Purchasing  plans, 

•  Receiving, 

•  Incoming  Inspection, 

•  Material  storage, 

•  Supplier  management, 

•  Material  certification, 

c.  Process  design/capability  study, 

d.  Process  control  and  audit, 

e.  In-process  non-conforming  material  control, 

f.  Test  equipment,  diagnostic  plans,  calibration  and  preventive  maintenance, 

g.  Product  qualification,  feedback,  failure  analysis,  ECO  and  documentation  con¬ 
trol. 


6.  CONCLUSION 

The  objective  of  this  article  is  to  provide  the  cryocooler  industry  with  some 
requirements  for  developing  cryocooiers  for  computer  cooling.  Specific  issues  on  reli¬ 
ability,  performance  monitoring  and  acoustic  noise  were  discussed.  The  importance 
of  the  specification  and  qualification  plan  was  emphasized. 
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PERFORMANCE  OF  A  PROTOTYPE,  5  YEAR  LIFETIME, 

STIRLING  CYCLE 
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345  Scarborough  Road,  Briarcliff  Manor,  New  York  10566 


Abstract 

A  second-generation,  linear,  Stirling-cycle  refrigerator  for  space  applications,  with  cool¬ 
ing  capacity  of  5  Watts  at  65*K,  was  recently  completed.  The  refrigerator,  designed  for 
3-5  year  life,  uses  closed  loop  controlled  moving  magnet  linear  motors  for  the  compres¬ 
sor  and  expander.  The  moving  elements  are  contactless,  being  supported  by  active  mag¬ 
netic  bearings  with  clearance  seal  of  20  microns.  Fiber-optic  sensors  detect  the  radial 
position  of  the  shafts  and  provide  a  control  signal  for  the  magnetic  bearings.  The  fre¬ 
quency,  phase,  stroke  and  offset  of  the  compressor  and  expander  are  controlled  by  sig¬ 
nals  from  the  high  bandwidth  LVDTs.  The  vibration  generated  by  compressor  and  ex¬ 
pander  is  cancelled  by  an  active  counterbalance  which  also  uses  a  moving  magnet  linear 
motor  and  magnetic  bearings.  The  driving  signal  for  the  counterbalance  is  derived  from 
the  compressor  and  expander  LVDTs  which  have  wide  bandwidth  for  suppression  of 
harmonic  vibrations.  The  efficiency  of  the  three  acrive  members  is  enhanced  by  a  mag¬ 
netic  spring  in  the  expander  and  gas  springs  in  the  compressor  and  counterbalance.  The 
magnetic  bearing  stiffness  was  significantly  increased  from  the  first  generation  refrigera¬ 
tor  to  accommodate  shuttle  launch  vibrations. 

1.  INTRODUCTION 

1.1  BACKGROUND 

In  1982,  Philips  Laboratories  completed  the  design  and  fabrication  of  a  laboratory- 
grade,  Stirling-cycle  refrigerator  (cooler)  for  NASA  to  prove  the  feasibility  of  long-life, 
frictionless  operation  producing  5  Watts  of  cooling  at  65K  in  a  20’C  ambient.  The 
refrigerator,  called  the  Engineering  Model,  extended  the  relatively  short  maintenance- 
free  life  of  mechanical  refrigeration  systems  by  essentially  eliminating  wear.  This  was 
accomplished  by  electromagnetically  suspending  the  moving  parts  of  the  refrigerator, 
thereby  eliminating  contact  and  the  associated  wear,  and  permitting  the  use  of  clearance 
seals  rather  than  contact  seals.  There  were  no  lubricants  and  no  outgassing  materials  in 
the  working  volume  of  the  refrigerator,  thus  no  degradation  in  cooling  performance  due 
to  contamination  of  the  working  fluid.  The  Engineering  Model  also  improved  flexibility 
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of  operation  by  using  direct  electronically  controlled  linear  drives  for  the  moving  ele¬ 
ments,  thereby  allowing  adjustment  of  amplitude  and  frequency.  A  life  test  of  the  Engi¬ 
neering  Model  was  completed  in  1989.  The  system  operated  for  5  years  with  no  refrig¬ 
erator  failure  and  no  change  in  performance  over  500  start/stop  cycles,  and  the  electro¬ 
magnetic  suspension  (magnetic  bearings)  operated  successfully  for  7  years.  Feasibility 
and  life  were  thus  demonstrated. 

1.2  FLIGHT  PROTOTYPE 

In  this  paper  we  describe  the  performance  of  a  flight-worthy  prototype  cooler  designed 
and  constructed  to  provide  5  Watts  of  cooling  at  65K  and,  in  addition,  to  withstand 
launch  and  operate  in  a  zero  G  environment.  The  design  of  the  prototype  cooler  has 
been  described  in  earlier  papers  [1,2].  However,  some  changes  in  the  drive  electronics 
have  subsequently  been  made.  Most  notably,  “synchronous"  switching  amplifiers  have  been 
replaced  with  commercial,  highly  efficient  (90%)  wide  bandwidth  switching  amplifiers. 


In  Section  2  of  this  paper  we  will  briefly  described  the  overall  system  design  and  design 
requirements.  In  Section  3,  a  summary  of  bearing  analysis  and  performance  will  be 
presented.  In  Section  4,  the  basic  thermodynamic  design  specifications  and  performance 
measurements  are  provided.  Finally,  in  Section  5,  the  mechanical  vibration  and  dis¬ 
placement  measurements  are  given. 

2.  SYSTEM  DESIGN  AND  DESIGN  REQUIREMENTS 


2.1  SYSTEM  DESIGN  REQUIREMENTS 

The  Prototype  Model  is  similar  in  design  concept  to  the  Engineering  Model.  Linear 
moving-magnet  motors  drive  a  compressor  and  an  expander,  suspended  by  frictionless 
magnetic  bearings.  However,  much  of  the  design  and  the  components  are  different  in 
order  that  the  system  meet  the  requirements  of  launch  survival  and  long  unattended  life. 

The  system  is  designed  remote  as  well  as  loml  operation,  using  a  two-command 
sequence.  In  the  standby  mode  the  active  elements  are  suspended  but  motionless.  In 
the  operate  mode,  the  active  elements  are  reciprocated  and  cold  is  produced.  The  major 
design  requirements  were: 

•  Cooling  Capacity  5  Walts  @  65K  initially  with  a  20’C  rejection  temperature, 

and  5K  degradation  over  system  lifetime. 

•  Life  3  years  minimum,  5  year  goal  with  1,000  on/off  cycles 

•  Ambient  Temperature  20  ±  15'C 


•  Launch  Load 


3g  ai  dc,  5.4  g  al  7  Hz 


•  Cold  End  Stability 


-5  -3 

Less  than  10  inch  lateral  motion,  less  than  10  inch  axial  motion 
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•  Power  Consumption  250  Waits  operating,  50  Watts  standby 

•  Weight  200  lbs,  excluding  electronic  module. 

In  addition,  the  refrigerator  must  reach  stable  operation  in  less  than  5  hours  after  start¬ 
up,  and  the  short-term  temperature  change  of  the  cold  end  under  stable  operating  condi¬ 
tions  must  be  within  0.1K  over  a  24  hour  period.  The  system  must  also  be  operable  in 
any  orientation  in  an  Earth  environment,  in  zero  G,  and  on  any  type  of  spacecraft  with¬ 
out  deterioration  of  performance. 


3'  T 


14" 


17" 


-  12" 


EXPANDER 


COMPRESSOR 


COUNTERBALANCE 


Figure  2-1.  Philips, /NASA  Stirling  Refrigerator. 


2.2  DESIGN  CONFIGURATION 

The  refrigerator  is  comprised  of  a  compressor,  a  single  stage  expander,  and  a  counter¬ 
balance  (Figure  2-1).  The  expander  section  contains  the  displacer  with  a  built-in  regen¬ 
erator  and  the  cold  and  warm  side  heat  exchangers.  The  compressor  contains  the  com¬ 
pressor  piston  and  piston  linear  motor.  The  counterbalance  contains  the  countermass, 
which  is  part  of  the  motor  armature,  and  the  two  gas  springs  designed  to  resonate  the 
countermass  at  the  refrigerator  reciprocating  frequency.  All  the  gas  seals  are  clearance 
type  provided  by  the  magnetic  bearing  construction.  The  piston  (compressor)  and  the 
countermass  are  reciprocated  with  a  moving  magnetic  linear  motor  (no  flexing  leads). 
The  displacer  is  reciprocated  with  an  integrated  magnetic  spring/motor  [3].  A  photo¬ 
graph  of  the  completed  cooler  is  given  in  Figure  2-2. 
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Figure  2-2.  Photograph  of  Prototype  Model  Cooler. 


3.  BEARING  ANALYSIS 

Significant  improvements  in  bearing  system  performance  were  needed  to  meet  launch 
requirements.  The  control  system  methodology  was  based  on  a  classical  single-input- 
single-output  approach.  Significant  improvements  in  bearing  stiffness  were  achieved 
primarily  through  the  use  of  an  optical  sensor  that  was  flush  with  the  internal  bore  thus 
providing  high  position  sensitivity,  higher  gas  damping,  and  suffer  housings  and  shafts. 

The  general  design  of  the  linear  magnedc  bearing  actuator  is  identical  tc  the  more 
popular,  conventional  active  radial  magnetic  bearing.  There  are,  however,  two  areas  of 
notable  difference.  First,  significant  development  was  needed  to  hermetically  seal  the 
bearings  into  the  cooler  housing.  For  the  Prototype  Cooler,  this  requirement  led  to  the 
use  of  "solid"  bearings  and  precluded  the  use  of  laminated  actuator  structures.  This 
resulted  in  bearings  that  have  eddy  currents  well  within  the  bearing  control  loop.  As  a 
result,  a  careful  understanding  of  the  frequency  dependent  behavior  of  the  bearings  is 
essential  to  a  proper  modeling  and  design  of  the  bearing  system. 

The  other  significant  difference  in  the  behavior  of  linear  magnetic  bearings  comes  from 
mechanical  system  considerations.  Because  these  bearings  are  also  used  as  clearance 
seals,  there  is  a  very  narrow  gap  between  the  housing  and  the  shafts.  Gas  damping 
plays  a  significant  role  in  shaft  dynamics  and  hence  magnetic  bearing  performance.  The 
gas  damping  provided  by  the  clearance  :  eals  plays  a  larger  role  than  mass  (inertia)  in 
shaft  dynamics  in  the  launch  and  operating  frequencies  This  is  the  most  important 
difference  between  these  magnetic  bearings  and  those  readily  available  for  conventional 
rotating  systems. 

A  classical  free-body  analysis  of  the  bearing  system  was  performed.  "Squeeze  film"  gas 
damping  relationship  given  by  Hays  [4]  for  the  finite  bearing  case  (D/L  >0.1)  were 
used  to  predict  gas  damping  forces.  Hays’  data  for  the  case  of  one-half  of  a  journal 
bearing  were  extended  to  full  journal  bearing.  Results  will  be  presented  for  two  values 
of  gas  damping  that  should  bound  the  analysis.  Simple  half-pole  eddy  current  relation¬ 
ships  were  used  to  model  the  frequency  dependence  of  the  bearings. 

An  experimental  model  was  specially  fabricated  to  breadboard  the  control  electronics 
and  test  the  fiber  optic  sensors  and  bearings.  The  model  was  designed  to  emulate  the 
displacer  in  the  prototype  cooler. 

Even  though  the  test  displacer  was  operated  in  air,  the  gas  damping  is  nearly  exactly  the 
same  as  in  the  cooler.  The  shaft  dynamics,  however,  were  different.  Also,  the  optical 
sensors  had  better  signal-to-noise  ratio  in  the  test  displacer.  Thus,  the  high  frequency 
behavior  of  the  test  shaft  was  not  identical  to  that  of  the  cooler.  As  such,  a  somewhat 
different  compensation  circuit  was  used  that  could  not  be  used  in  the  cooler  -  primarily 
because  of  very  low  gain  and  phase  margins.  Nevertheless,  the  system  on  the  test  bench 
was  stable  and  produced  a  very  high  stiffness  bearing.  The  pure  lag  compensator  em¬ 
ployed  in  the  test  fixture,  while  providing  superb  low  frequency  stiffness,  added  no 
phase  lead  at  high  frequencies.  This  resulted  in  only  a  marginally  stable  system,  and 
thus  could  not  be  used  in  the  cooler. 
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Figure  3-1.  Measured  and  predicted  behavior  of  the  open-loop  transfer 
function  (OLTF)  of  displacer  bearing  in  the  cooler  for  two  different  values  of 

the  gas  damping  factor,  B. 


Figures  3-1  and  3-2  compares  the  predicted  total  effective  stiffness  and  the  measured 
stiffness  data.  As  can  be  seen,  the  agreement  is  quite  good.  Note  in  particular  the  poor 
"high  frequency"  stiffness  of  the  loop.  This  is  because  the  compensator  is  "rolling  off' 
along  with  the  mass  dynamics.  Thus,  high  frequency  (40  Hz)  disturbances  are  not  really 
rejected  by  the  bearing  control  loop  and  nearly  all  the  stiffness  at  these  high  frequencies 
comes  from  the  gas  damping  and  inertial  terms. 

An  analysis  of  the  piston  and  displacer  bearings  indicated  that  there  was  most  likely  a 
node,  a  frequency  at  which  the  stiffness  was  a  minimum,  at  about  50-60  Hz  (Figure 
3-3).  We  could  not  alter  the  low-frequency  stiffness  characteristics  very  much  because 
of  the  launch  requirements  and  we  were  limited  at  high  frequencies  by  eddy  currents 
and  system  dynamics. 

Originally,  a  synchronous  driver  (2)  was  planned  for  the  displacer  and  piston  motors. 
However,  for  the  available  voltage,  duty  cycle,  and  motor  characteristics,  a  current  spec¬ 
trum  resulted  in  which  the  third  and  fifth  harmonics  were  nearly  15  dB  higher  than  the 
fundamental  operating  frequency.  Also,  we  found  that  the  relative  magnitude  of  these 
harmonics  would  change  with  varying  duty  cycle  as  the  system  cooled  down. 

Thus,  the  synchronous  driver  was  replaced  with  a  commercially  available,  conventional 
high  efficiency  wide  bandwidth  dnve  (>  90%).  The  resultant  piston  motor  current  spec¬ 
trum  at  full  design  conditions  is  given  in  Figure  3-4.  The  reduction  in  high  frequency 
currents  were  significant  and  we  were  able  to  bring  the  system  to  full  desired  design 
conditions  with  acceptable  shaft  displacements. 
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Figure  3-2.  Comparison  between  measured  and  predicted  behavior  of  displacer  stiffness 
in  bearing  test  fixture.  (Gas  damping  value  B  =  4000  Ns/m). 
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Figure  3-3  Effective  displacer  bearing  stiffness  as  a  function  of  frequency  for 
two  values  of  damping  coefficient,  B. 


Tabic  3-1  summarizes  the  bearing  characteristics  at  DC  and  at  the  7  Hz  (mount)  launch 
frequency.  The  bearings  are  indeed  stiff  enough  to  meet  the  launch  requirements.  The 
data  was  based  on  measurements  on  the  open-loop-transfer  function  as  a  function  of 
frequency.  This  was  done  because  we  had  not  facilities  to  shake  the  entire  cooler  and 
measure  displacements. 

Table  3-1.  Measured  Open-Loop  Transfer  Function  at 
at  Specific  Frequencies  and  Calculated  Bearing  Stiffness. 


Measured  dc 

Measured  7  Hz 

Required 

OLTF  Ke  (N/u) 

OLTF 

Ke(N/u) 

KrCq  (N/u)* 

(dB) 

(dB) 

Displacer  (Rear)  47  20 

39 

9 

8 

Piston  (Rear)  50  110 

34 

60 

20 

Counterbalance 

37 

25-50 

24 

(*  Based  on  a  50%  radial  displacement  and 

a  8  G  load  applied  at  7  Hz.) 
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RADIAL  MOTION 


Radial  displacements  of  the  shafts  can  be  monitored  at  the  buffered  outputs  of  each  of 
the  bearing  circuits.  The  radial  bearing  circuits  are  calibrated  for  a  ±  5  volt  deviation 
corresponding  to  the  mechanical  limits  of  travel  (in  all  cases:  ±  19  micron  clearance  seal 
annular  gap),  yielding  an  approximate  resolution  of  4  microns  per  volt. 

Scope  photographs  of  all  12  bearing  displacements  at  the  design  operating  point  are 
included  in  Figure  3-5.  It  is  interesting  to  note  that  the  peak  bearing  excursions  vary 
during  cooldown,  as  the  changes  in  gas  temperature  and  thermodynamic  loading  affect 
the  harmonic  current  content  of  the  motor  drive  currents.  Once  the  system  has  attained 
resonance  at  the  operating  point,  the  radial  errors  are  reduced  and  stable. 


4.  THERMODYNAMIC  DESIGN  SPECIFICATION  AND  PERFORMANCE 


The  Philips  Stirling  Computer  Program  was  used  to  design  the  refrigerator  for  minimum 
input  power.  The  computer  results  included  physical,  dimensions  of  the  expansion  and 
compression  spaces,  operating  parameters  such  as  charge  pressure  and  speed,  and  regen¬ 
erator  size  and  material.  Practical  considerations  of  weight,  reliability,  and  complexity 
of  fabrication  were  then  applied  to  perturb  the  theoretically  optimized  design.  Through¬ 
out  the  design  process,  practical  consideration  and  themodynamic  performance  were  it¬ 
erated  to  achieve  the  optimal,  physically-realizable  refrigerator.  The  thermodynamic  pa¬ 
rameters  are  summarized  in  Table  4-1. 

The  cold  production  and  thermodynamic  input  power  were  also  calculated  by  the  Philips 
Stirling  Computer  Pioduction.  The  analysis  is  included:  the  effects  of  regenerator 
losses,  flow  losses,  heat  leakage  through  the  regenerator  matrix  and  walls,  imperfect 
heat  transfer  between  the  gas  and  the  heat  exchanger  wall,  annulus  losses,  losses  due  to 
shuttle  heat  transfer  and  seal  leakage.  All  these  effects  are  considered  in  characteriza¬ 
tion  of  rhe  thermodynamic  parameters.  The  result  of  the  optimization  is  a  design  in 
which  the  sum  of  these  losses  is  minimized. 

TABLE  4-1.  Summary  of  Thermodynamic  and  Dynamic  Design  Parameters. 


No.  of  expansion  stages 
Working  gas 
Displacer  diameter 
Piston  diameter 
Max.  displacer  amplitude 
Max.  piston  amplitude 
Regenerator 
Type  wire 
Material 
Wire  diameter 


1 

helium 
3.155  cm 
4.445  cm 
0.33  cm 
0.9  cm 

mesh 

phosphor  bronze 
53  |im 
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Fill  factor 

0.36 

Cross-sectional  area 

7.31  cm2 

Length 

6.0  cm 

Cold-end  Heat  Exchanger: 

Type 

slit 

No.  of  slits 

40 

Slit  width 

0.0305  cm 

Slit  depth 

0.2  cm 

Slit  length 

2.0  cm 

Ambient  Heat  Exchanger: 

Type 

slit 

No.  of  slits 

20 

Slit  width 

0.07  cm 

Slit  depth 

0.22  cm 

Slit  length 

7.0  cm 

Clearance  Seals 

19  |im  (0.00075  in)  gap 

TOTAL  SYSTEM  WEIGHT 

185  lbs. 

(Excluding  vacuum  dcwar  and  cooling  jacket  plus  electronics.) 

The  total  input  power  is  the  sum  of  the  thermodynamic  input  power  to  the  Stirling  cycle 
and  the  electromechanical  inefficiency  of  the  motors.  Based  on  thermodynamic  analy¬ 
ses,  confirmed  by  measurement  on  refrigerators  fabricated  in  the  past,  a  small  adjust¬ 
ment  of  the  optimized  operating  parameters  does  not  significantly  affect  the  Stirling 
efficiency,  but  would  seriously  compromise  the  motor  efficiency.  The  refrigerator  con¬ 
sists  of  three  damped  oscillatory  spring-mass  systems  actuated  by  linear  motors.  The 
conditions  for  minimum  power  input  operation  of  these  systems  are  a  first-order  func¬ 
tion  of  the  refrigerator  operating  parameters  such  as  cycle  speed,  spring  stiffness,  and 
mean  pressure.  Of  these  three  systems,  the  piston  input  power  is  about  80%  of  the  total 
input  power;  thus,  it  is  important  that  the  piston  be  operated  under  minimum  power 
conditions. 

After  the  Prototype  Model  was  assembled,  one  could  optimi  se  the  Stirling  performance 
by  hunting  for  the  minimum  thermodynamic  input  power  by  perturbing  the  operating 
parameters  while  maintaining  65K  and  a  5  watt  load.  The  operating  conditions  were 
optimized  to  achieve  the  minimum  power  operation  of  the  piston;  this  resulted  in  better 
than  predicted  efficiency. 

Minimum  power  operation  of  the  piston  was  accomplished  by  first  setting  the  refrigera¬ 
tor  to  run  under  the  design  parameters  until  it  reached  65K.  Then,  the  phase  between 
the  first  harmonics  of  the  piston  motor  current  and  the  piston  position  waveform  was 
measured.  Adjustments  to  the  cycle  speed  and  mean  pressure  were  made  to  obtain  a  90’ 
phase.  This  ensured  the  piston  was  operating  under  the  minimum  power  condition.  The 
piston  and  displacer  strokes  were  subsequently  adjusted  to  obtain  5  watts  of  cooling.  To 
minimize  excessive  heat  load  above  5  watts  due  to  ambient  radiation  heating  of  the  cold 
end,  two  radiation  shields  were  installed  inside  the  vacuum  dewar.  The  shields  were 
made  from  multilayers  of  insulated  mylar  sheets  with  highly  reflective  metallization 
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coatings.  The  outer  shield  lined  the  inside  walls  of  the  vacuum  dewar  and  the  inner 
shield  surrounded  the  cold  end. 

Table  4-2  shows  the  design  operating  parameters  and  final  optimized  values.  The  close 
agreement  between  the  two  sets  of  values  validates  the  accuracy  of  the  engineering 
analyses  in  this  program.  Also  shown  are  the  operating  parameters  of  the  refrigerator 
under  a  reduced  head  load  of  2  watts  at  65 K. 

TABLE  4-2.  Refrigerator  Design  and  Optimized  Operating  Parameters. 


Design 

Optimized 

(prediasd) 

(measured) 

2  Watts 

Cold  End  Temperature 

K 

65 

65 

65 

Heat  Sink  Temperature 

K 

293 

293 

293 

Cooling  Capacity 

W 

5 

5 

2 

Speed 

Hz 

18.3 

18.0 

18.0 

Mean  Pressure 

psia 

263 

290 

290 

Displacer  Amplitude 

mm 

2.3 

2.6 

2.6 

Piston  Amplitude 

mm 

7.3 

6.67 

5.2 

Phase  (dispL/piston) 

degrees 

60 

63.5 

63.5 

Motor  Input,  Piston 

W 

136 

125 

85 

Motor  Input,  Displacer 

W 

3 

1.6 

1.5 

Motor  Input,  Counterbalance 

w 

10 

11.5 

9 

4.2  ELECTRICAL  POWER 

The  total  electrical  power  input  requirements  of  the  cooler  in  both  the  STANDBY  and 
RUN  modes  of  operation  were  assessed;  the  power  requirements  of  the  support  electron¬ 
ics  were  measured  as  well. 

Axial  motor  power  was  determined  by  simultaneously  acquiring  (in  one  acquisition)  the 
real-time  voltage  and  current  waveforms  with  the  digital  scope.  A  software  routine 
scaled  and  multiplied  the  stored  waveform  data  (VI).  The  mean  value  (over  1  cycle)  of 
the  resulting  power  waveform  was  then  summed  into  a  cumulative  average  power  read¬ 
ing 

The  STANDBY  power  for  the  bearim  pole  piece  actuators  (in  a  lg  environment)  was 
estimated  using  a  nominal  bias  current  of  100  mA  per  coil,  with  dissipation  for  each  coil 
based  on  resistance  losses.  The  RUN  power  estimate  for  the  pole  piece  actuators  was 
based  on  the  difference  of  the  measured  28V  power  input  to  the  bearing  driver  circuits 
when  the  system  was  running.  This  assumes  that  the  current  drivers  are  100%  efficient 
and  hence  is  a  conservative  estimate.  Cooler  instrumentation  requires  an  insignificant 
amount  of  power. 
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The  power  input  requirements  of  each  of  the  electronic  subsystems  were  measured  in 
both  the  STANDBY  and  RUN  modes.  They  are  presented  in  Tables  4-3  and  4-4.  No 
attempt  was  made  to  minimize  the  electronic  power  supply  requirements. 


TABLE  4-3.  Electrical  Power  -  System  in  STANDBY  MODE. 


•  Breakdown  of  dc  Power  Requirements: 


dc  Subsystem 

Power  (W) 

Bearing  Rack 

47.2 

LVDT  &  Instrumentation 

13.0 

Computer  Rack 

13.5 

Axial  Drivers  (3) 

1.05 

Piston  Driver 

2.2 

Displacer  Driver 

2.5 

C’balance  Driver 

7.8 

Total 

87.5W 

Power  Delivered  to  Cooler: 

Radial  Sensors 

11.5 

Displacer  Radial 

2.5 

Piston  Radial 

0.84 

C’balance  Radial 

0.21 

Displacer  Axial 

0.35 

Piston  Axial 

0.02 

C’balance  Axial 

0.1 

Total  Power  Delivered  15.5  W 


TABLE  4-4.  Electrical  Power  -  System  in  RUN  MODE. 
•  Breakdown  of  dc  Power  Requirements: 


dc  Subsystem 

Power  (W) 

Bearing  Rack 

57.8 

LVDT  &  Instrumentation 

21.75 

Computer  Rack 

19.3 

Axial  Drivers  (3) 

1.35 

Piston  Driver 

151.2 

Displacer  Driver 

3.92 

C’balance  Driver 

24.9 

66 


300  r 
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100  - — 


10  2C  21  30 

r» :  r.Ltc r< 


1)  18  Hz,  63'  phose,  pision  stroke  =  14.3  mm,  displacer  stroke  =  5  mm. 

2)  18  Hz,  63'  phase,  piston  stroke  =  13.1  mm,  displacer  stroke  =  5  mm. 

Figure  1-1.  Cooldown  curve  -  no  heat  load. 


huttr  f;o**r  (wAit  si 


— i>-  COLD  TtM r 
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18  Hz,  63'.  p  =  14  8  mm  stroke,  d  =  5.2  mm  stroke. 

Figure  4-2.  Piston  motor  power  required  to  produce  cooling  at  65K. 
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Total  280.3  W 

•  Power  Delivered  to  Cooler: 

All  bearings  10.8 

Radial  Sensors  1 1 .5 

Displacer  Axial  1.6 

Piston  Axial  25.0 

C’balance  Axial  11.5 


Total  Power  Delivered  160.4  W 


4.3  COOLDOWN  CHARACTERISTICS 

The  remote  control  computer  was  used  to  iog  the  cold  end  temperature  at  one  minute 
intervals  during  cooldown  from  room  temperature.  Two  tests  were  performed,  using  the 
design  stroke  and  an  increased  stroke  (Fig.  4-1).  No  heat  load  was  applied  at  the  cold 
ringer.  These  cooldown  curves  may  be  utilized  as  a  benchmark  to  gauge  any  deteriora¬ 
tion  in  cooler  performance.  With  the  design  operating  strokes,  the  refrigerator  reached 
65K  in  30  minutes. 

4.4  ADDITIONAL  TESTING 

Cooling  performance  at  various  heat  loads  was  investigated.  For  these  tests,  the  heater 
power  was  varied  while  all  other  parameters  remained  unchanged.  Final  temperature 
and  cooler  input  power  was  measured  once  steady  operation  was  established  (Fig.  4-2). 
Note  that  this  test  was  performed  without  the  inner  radiation  shield  around  the  cold  end, 
thus  reflects  performance  with  the  additional  radiation  heat  load  above  the  heater  power. 

5.  VIBRATION  MEASUREMENTS 

Axial  accelerations  of  the  cooler  housing  were  measured  at  the  ends  of  the  housing,  and 
radial  accelerations  were  measured  at  three  points  along  the  length  of  the  housing  with 
the  accelerometer.  Power  spectra  of  this  data  are  shown  in  Figures  5-1  to  5-3. 

Axial  and  radial  displacement  measurements  were  made  at  the  extreme  edges  of  the  cold 
ringer  insulating  dewar,  where  we  would  expect  to  find  worst-case  excursions.  To  mini¬ 
mize  extraneous  vibrations,  the  instrument  was  securely  anchored  to  the  same  rigid  sur¬ 
face  as  was  the  mounting  cradle  of  the  cooler.  Photographs  of  the  displacement  wave¬ 
forms  appear  in  the  performance  data.  A  power  spectrum  of  the  axial  displacement  is 
included  for  correlation  with  the  axial  acceleration  data.  The  results  are  shown  in  Fig¬ 
ures  5-1  to  5-3. 
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aj  Cold  end  axial  displacement. 


bOO  micro  inches/Div. 


1  m/s2/volt 


PKH  P.-HCT  A  :•  30.940V  18.  MZ  V.  1R  P:  1HZ 

9:A't  0.000H7.  -200.0007  5 :t.  204BV  t  S  20.0043V  104B / 


Sheet  1  of  2 


Figure  5-1.  Displacement  and  acceler,  ion  at  cold  end.  <Cont'd.) 


c)  Cold  end  radial  displacement. 
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Figure  5-2.  Radial  displacement  spectrum  at  piston  housing. 
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Figure  5-3.  Radial  acceleration  spectrum  at  counterbalance  end. 


6.  FUTURE  WORK 

The  Prototype  Model  refrigerator  is  a  free  piston  and  free  displacer  Stirling  machine 
with  the  flexibility  in  varying  the  operating  parameters  built  into  the  control  electronics. 
Parameters  such  as  frequency,  amplitude  and  relative  phase  angle  of  the  piston  and 
displacer  motions  can  be  changed  while  the  cooler  is  running.  With  these  features, 
detail  parametric  testing  of  the  performance  of  the  Prototype  Model  can  be  easily  carried 
out.  Further  parametric  testings  will  be  performed  at  NASA-Goddard  Space  Flight  Cen¬ 
ter.  The  long-life  cryocooler  technology  developed  under  this  program  has  been  trans¬ 
ferred  to  the  Cryogenic  Products  group  at  Magnavox  Electro-Optical  Systems,  a  corpo¬ 
rate  affiliate.  Recent  development  [5]  programs  include  multi-stage  linear  magnetic 
cryocoolers  for  cooling  of  electronics  such  as  high-temperature  superconductors  and 
central  processing  units  of  high-speed  computers. 

7.  SUMMARY 

Technology  developed  for  a  long-life  cryocooler  has  been  demonstrated.  A  magneti¬ 
cally  suspended,  linearly  driven  Stirling  refrigerator  was  successfully  tested  for  5-vear 
continuous  operation  with  no  mechanical  wear  and  failures  and  no  degradation  in  cool¬ 
ing  performance. 

The  system  performance  results  of  the  PioiOlype  Model  refrigerator  met  or  exceeded  the 
specified  goals  of  the  program.  Table  7-1  summarizes  the  major  specifications  and  the 
actual  performance  of  the  Prototype  Model  refrigerator. 

TABLE  7-1.  Prototype  Model  Refrigerator. 

Specified  Goal  and  Actual  Performance. 


Cold  end  temperature  -  5  Watt  load 
Operating  Power  (Refrigerator  only) 
Standby  Power  (Refrigerator  only) 

Time  to  Reach  Stable  Operation 
Radial  Movement  of  cold  end  (Operating) 
Axial  Movement  of  cold  end  (Operating)  - 
Weight  (Refrigerator  only) 


•  Inches 

65  K 

£  250  W 

S  50  W 
<  5  hours 

101 

65  K 

160  W 

16  W 

<  30  minutes 
1.4  x  10  p-p 

Inches 

10'3 

1.3  x  10  3  p-p 

200  lb 

185  1b 
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ABSTRACT 

We  performed  a  system  design  analysis  of  pulse  tube  cryocoolcrs.  The 
analysis  basically  followed  Colanpelos’  approach11  but  considered  the  pressuie 
diop  across  the  regenerator.  In  addition,  laminar  01  turbulent  heat  transfer  in 
the  pulse  tube  was  considered.  A  system  analysis  was  then  carried  out  to  predict 
the  performance  of  pulse  tube  refrigerators.  It  was  unnecessary  for  us  to 
deter  mine  the  pressure-time  wave  form  in  the  pulse  tube  experimentally.1'  It  was 
luund  that  the  peMonnar.ee  ot  a  pulse-tube  cryocooier  depends  on  six  operating 
parameters :  charging  pressure  l\,  discharging  pressure  fJj  ,  charging  gas 
temperature  T  ,  heat  sink  temperature  I\ ,  cold-end  temperature  Tt  ,  and  pulse 
rate,/.  The  analytical  result  was  found  to  agree  fairly  well  witii  the  test  data, 
verifying  tire  analysis  and  also  indicating  that  the  convective  heat  transfer 
between  the  gas  and  the  lube  wall  or  regenerator  matrix  during  flowing  periods 
may  be  a  i out r oiling  mechanism  in  the  performance  of  basic:  pulse-tube  (Bi’T) 
refrigerators,  A  system  analysis  also  shoved  that  at  higher  cold-end 
temperatures,  the  performance  of  BI’T  refrigerators  does  not  significantly  differ 
lot  various  designs  of  regenerators  and  pulse  tubes. 

INI  KODUCI  !ON 

T  he  system  modeling,  and  performance  analysis  of  a  salved  pulse  tube 
iclnguatoi  ui  basic  pulse  tube  tell  igeiatoi  (111**1)  lias  been  studied  by  social 
i  esc  a.'  i.l  rei  s .  Colloid  and  I  ongswoi  th1  In. si  introduced  a  simple  gas-piston  model 
to  peilotiu  j  tlici  mod  Yiiuiiiie  analysis  by  asssumiiig  an  iscnropic  pioccss  in  the 
pulse  lube.  I  lies  sliosvcd  that  the  ideal  or  minimum  cold  enJ  temperature 
achievable  in  a  Bl’l  rel i igc i aim  at  an  absolute  zero  beat  pumping  condition  is 
a  1 1  ccicd  !>>  the  i  uio  of  the  volumes  of  pulse  tube  to  gas  heat  cxchangci , 

L  •/F/[ ,  and  the  t  till"  ol  gas  specific  heats  g  A  sunuai  liivi  i  nods  nan  lie  analysis  using 
a  nu'li  ipli  su  p,  isenliopic  pioccss  concept  was  ear  lied  out  by  Naiayanhlicdhai 
and  Mam  ■  This  pointed  out  that  performance  is  ‘Iso  allccleJ  by  the  picsvuie 
i  ill  i"  l\  I  ’ / 


Instead  of  assuming  an  isentropic  process,  Rauh3  assumed  a  polytropic 
process  in  the  BPT  refrigerator  and  carried  out  a  similar  thermodynamic 
analysis.  Shnide4  further  employed  thermodynamic  analysis  in  conjunction  with 
the  solutions  obtained  from  a  system  of  gas  dynamic  differential  equations  to 
predict  the  cold-end  temperature  achievable  at  zero  heat  pumping  condition.  The 
previous  thermodynamic  analysis1  _4  will  yield  large  errors  because  the 
regenerator  performance  was  assumed  to  be  perfect  and  the  actual  process  in 
BPT  refrigerators  is  neither  isentropic  nor  polytropic. 

From  a  heat  transfer  viewpoint,  the  transient  performance  of  a  BPT 
refrigerator  can  be  determined  by  solving  a  set  of  governing  equations  based  on 
conservations  of  mass,  momentum,  and  energy  for  the  regenerator  and  pulse 
tube.  However,  the  solution  procedures  arc  so  complicated  that  a  numerical 
technique  could  be  a  problem.  A  mainframe  or  super  computer  may  be  required 
in  the  analysis.  A  detailed  heat  transfer  model  that  is  capable  of  predicting 
instantaneous  performance  of  a  BPT  refrigerator  is  thus  not  presently  available. 

Storch  and  Radebaugh*  developed  an  enthalpy  flow  analysis  using  time- 
averaged  properties  over  one  cycle  for  valveless  orifice  pulse  tube  refrigerators. 

A  valvelcss  orifice  pulse  tube  (OPT)  refrigerator  is  quite  different  from  a  valvcd 
pulse  tube  refrigerator  without  receiver  (BPT)  not  only  in  design  but  ado  in 
working  principle.6  For  OPT  refrigerators,  the  refrigeration  effect  is  produced 
mainly  by  the  adiabatic  expansion  of  gas  in  the  pulse  tube  due  to  flow  through 
the  orifice,  in  additioi  o  the  surface  heat  pumping  effect,  which  is  the 
controlling  mechanism  in  the  performance  of  BPT  refrigerators.  The  enthalpy 
flow  model  developed  by  Storch  and  Radcbaugh5,6  is  not  only  subject  to  large 
error  (3  to  3  times  greater  than  experimental  values6)  in  the  performance 
prediction  of  OPT  refrigerators,  but  is  also  not  applicable  to  the  analysis  of 
Bl'T  refrigerators  due  to  different  working  principles. 

Longsworth7  assumed  that  conductive  heat  transfer  between  gas  and  pulsc- 
tubc  wall  during  the  quiescent  periods  is  the  controlling  mechanism,  and  he 
derived  an  clcnicni-by-clcinciit  gas  heal  conduction  model  to  analyze  the  heal 
pumping,  effect  and  predict  the  wall  temperature.  I  lie  disagreement  between 
experiments  ami  analysis  may  have  resulted  from  I.ongsworth’s  ignoting 
convective  heat  transfer  between  the  gas  the  the  pulse-tube  wall  <.  -cgcnciatot 
matrix  during  flowing,  periods  and  assuming  a  perfect  regenerator. 

More  iccently,  Richardson6,1'  modify.  ■ngswoiili’s  analysis’  loi  lil’l 
id i iguana. s  by  cunside  g  the  maximum  value  of  i lie  gas  chaining  period,  and 
lie  reached  the  picu'clion  ol  an  ophmum  pulse  rate,  which  was  vuilicd 
qualitatively  by  experiments.  However,  this  study  was  mostly  experimental  and 
no  system  modeling  01  pciloimuncc  analysis  was  done. 

In  lacl ,  the  convective  heal  liauslci  late  between  the  gas  and  the  lube  v.-ail 
o'  icgenci anil  matrix  is  xeveial  orders  higher  than  the  conduction  heat  Uanslci 


in  gas.  Therefore,  unless  the  quiescent  period  is  much  longer  than  the  flowing 
period,  the  convective  heat  transfer  rate  may  in  turn  be  a  controlling  process  in 
the  performance  of  BPT  refrigerators. 

Rea10  and  Colangelo  et  al.u  developed  a  simplified  heat  transfer  mode!  for 
the  performance  analysis  of  BPT  refrigerators.  Their  model  basically  assumed 
that  the  convective  heat  transfer  between  the  gas  and  the  pulse-tube  wall  or 
regenerator  matrix  during  flowing  periods  is  a  controlling  mechanism.  Their 
analysis  started  with  the  derivation  of  mass  and  energy  equations  of  the  gas  and 
the  pulse  tube  wall  or  regenerator  matrix.  Since  the  numerical  solutions  of  the 
governing  equations  are  quite  complicated,  Colangelo  el  al.u  divided  the  pulse 
tube  process  into  charging  (pressurization)  and  discharging  (depressurization) 
periods  and  then  defined  half-cycle  mean  properties  of  each  period.  By 
neglecting  the  pressure  drop  across  the  regenerator  and  assuming  a  sawtooth 
pressure-time  wave  form,  the  governing  equations  were  then  simplified  a  great 
deal  and  became  solvable  by  using  numerical  techniques.  Through  half-cycle 
averaging,  a  system  of  ordinary  differential  equations  finally  resulted  and  the 
numerical  analysis  could  be  carried  out.  Rea  and  Colangelo  et  al.  showed  that 
the  analytical  result  agrees  very  well  with  the  experimental  data. 

The  analytical  model  of  BPT  tefrigerators  developed  by  Colangelo  ci  al. ' 1 
takes  into  account  the  heat  and  mass  transfer  processes  in  the  rcgeneiaiut  aitu 
the  pulse  tube  and,  thus,  is  closer  to  the  practical  situation.  However,  the 
pressure  drop  due  to  gas  flow  through  the  regenerator  was  ignored  in  the 
modeling.  This  implies  that  the  modeling  was  incomplete  due  to  the  lack  ot  a 
momentum  equation.  It  is  a  fact  that  the  pressure-time  wave  form  remains 
unknown  in  Colangelos  et  al.  model."  And,  the  system  of  equations  can  be 
solved  only  after  this  pressure  wave  form  has  been  determined  experimentally. 
The  analysis  is  thus  scmi-cmpiricai  and  cannot  be  used  to  predict  the 
performance  of  HPT  refrigerators  theoretically. 

Our  study  basically  follows  Colangelos’  approach  but  considers  the  pressure 
drop  due  to  gas  flow'  through  the  regenerator.  A  system  analysis  procedure  is 
then  established,  and  the  system  performance  is  theoretically  predicted. 
Furthermore,  the  empirical  correlation  of  convective  heat  transfer  in  the  pulse 
tube,  which  covers  laminar  and  turbulent  flow  regions,  is  used  in  our  study. 

SYS'!  FM  MOni-UNG 


BASIC  ASSUMP1  IONS 

In  out  model  of  BI’I  tel  i  ipcialot  s  (1  ig.  I),  Keal(l  and  Colangelos  cl  <//.  ’  s 1 1 
assumption  ate  followed,  such  as  1-1;  approximation,  ignuting.  ol  piessuic 
satiation  within  the  pulse  lube,  equilibrium  tcmpeiatuie  between  niatiix  and 
fluid  iti  die  icpeneiatot ,  etc.  Additional  assumptions  otlici  than  those  of  Ucu 
and  Colangelos  cl  u/. 1011  ate  made  a>  follows: 


1.  Pressure  drop  due  to  gas  flow  through  the  regenerator  is  considered. 
Empirical  correlations  are  used  to  account  for  the  relation  between  mass  flow 
rate  and  pressure  drop. 

2.  The  pressure-time  curve  is  of  a  trapezoidal  form  with  \dP0/dt\  =rp  (constant) 
at  the  pulse  tube  side  and  of  a  square  wave  form  at  the  valve  side.  (See 

Fig.  2.) 

3.  The  flow  in  the  pulse  tube  can  be  laminar  or  turbulent  depending  on  the 
operating  conditions. 

4.  The  convective  heat  transfer  coefficient  in  the  pulse  tube  is  constant. 
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Fig.  1.  Schematic  of  pulse  tube  refrigerator. 
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3  ip.  ?..  I'lcssuic  vva’cs  across  the  regenerator .  (a)  valve  side,  (l>)  pulse  twl>c  side. 


REGENERATOR 


Following  the  approach  of  Rea  and  Colangelos  et  al.,u  and  ignoring  gas 
conduction  heat  transfer  during  quiescent  periods,  the  governing  equations  of 
regenerator  for  matrix  temperature  8  and  gas  mass  flowrate  m  are,  in 
dimensionless  form, 


dm _ 1_ 

dw  ~  8 


(1) 


d8_ 

dw 


CR-j{y-\)/yW-n 

m2~n 


(2) 


where  6-T/T'0;  m  =  m/mQ;  w  =  (VRrp/T0rh0R)(x/LR)\ 
y  -  1  C\r 


Cr  ~ 


2tiVp 


;  ClR  s  [ri(Tgc- Tge)]R  =  constant, 


(3) 


where  K  is  a  constant  defined  in  the  convective  heat  iiansfer  coefficient 
correlation;  fi=Kmn,  where  n  =  0.59  for  packed  regenerator,11  which  is  taken, 
from  the  correlation  obtained  by  Rea  and  Smith;12  Nu  =  Q.l\PrWiRe 05y,  where 
the  Reynolds  number  Re  is  based  on  the  hydraulic  diameter.  The  symbol  tilde 
denotes  the  averaged  property  taken  within  the  time  period  Ar  =  ip£,  i.e.,  flowing 
periods.  The  relations  between  the  half-cycle  averaging  and  flowing  averaging 
properties,  z  and  z,  are  as  follows: 


The  boundary  conditions  for  Eqs.  (1)  and  (2)  arc:  (i)  at  w  =  0,  8=1,  //;---  1;  (ii) 
at  w  =  wR  =  VRr(/ m0R  T0,  8  =  T/T0,m  ^  >8/n\. . 

To  account  for  the  pressure  drop  across  the  regenerator,  the  following 
empirical  relation  can  be  used  for  packed  regenerators: 11 
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where  f0  is  the  friction  coefficient  defined  as 


=  (114  y?erf-0,«,  Red<  21C; 

°  (6.85  .Re,,-0  216,  Red  >  210. 

where  Red  is  the  Reynolds  number  defined  based  on  particle  size  dp  and  pore 
velocity  u,  i.e.,  Red-Qud  /u  . 

If  the  pulse  rate  /  is  not  o  high,  a  quasi-steady  assumption  can  hold14  and 
Eq.  (6)  can  be  used  to  correlate  the  mass  flowrate  ( m-QuAc )  with  the  pressure 
drop  A P  which,  in  the  charging  period,  is  defined  as, 


A  P(t)  =  Ph-P0(t) 


Ph~rP{>  for  /  < 
0,  for  /  > 


(S) 


For  regenerators  made  from  wire  screen,  a  similar  correlation  can  be  used.1' 


PULSE  TUBE 


Similarly,  the  governing  equations  of  a  pulse  tube  for  tube  wall  temperature 
6  and  gas  mass  flow  rate  m  are 


dm  (  ^\pt  1 
dw  ~  I1  mB  e 


(9) 
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where  Ravr  -  (l’h  ■*  P,)/2\  A/  =  i^4;  0-  T/Th;  m  =  m/mh ,  hpl  is  the  convective  heal 
transfer  coefficient  between  gas  and  tube  wall,  which  can  be  obtained  ft  out 
Nussclt  correlation16  for  turbulent  flow;  Nu  =  h  yJ  t/kr  =  0.03(>ftt'0  h/V 1  ' 

W//^/  053-  W,1CIC  l*lc  Reynolds  number  is  defined  based  on  the  pulse  tube 
inside  diameter.  For  laminar  flow,  Nu~  4,36  is  used. 
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The  boundary  conditions  for  Eqs.  '9)  and  (10)  are:  (i)  at  w  =  0,  6=  1,  1; 

(ii)  at  w  =  H'p,=  Vpt/ThihhRrp,  6=TC/Th,  m  =  mc/mh. 

SYSTEM  ANALYSIS 

BASIC  ASSUMPTIONS 

In  the  system  analysis  of  BPT  refrigerators,  several  assumptions  are  made: 

1.  The  cooling  jacket  is  designed  very  well  so  that  the  inner  jacket  wall 
temperature  Tw,  the  pulse  tube  wall  temperature  at  the  junction  vv  =  0,  T,  , 
and  the  coolant  flow  temperature  Tm  (i.e.  heat  sink  temperature)  are 
approximately  the  same,  i.e.  Th~TK~Tm  =  Th. 

2.  The  volume  of  the  cold  end  is  small,  and  the  temperatures  at  the  junctions  of 
the  regenerator,  the  cold-end  heat  exchanger,  and  the  pulse  tube  wall  are  in 
thermal  equilibrium,  i.e.  TQ~ Tc~ Tj .  The  mass  flowrate  at  inlet  and  outlei  of 
the  cold-end  heat  exchanger  are  approximately  the  same,  i.e.  w0=m.. 

3.  The  efficiency  of  the  regenerator  is  very  high  so  that  the  matrix  temperature 
T  is  approximately  equal  to  the  gas  temperature  at  the  entrance  T  ,  i.e., 

T~T  *' 

•  gi' 

4.  The  flowing  periods  will  not  exceed  the  half  cycle  peiiod,  i.e.,  i^<0.5. 

With  the  previous  assumptions,  the  normalized  variables  defined  in  the 
previous  dimensionless  governing  equations  can  be  determined  and  system 
analysis  can  be  performed. 

INPUT  PARAMETERS  AND  ANALYTICAL  PROCEDURES 

By  solving  the  governing  equations  of  the  regenerator  and  the  pulse  tube 
one  after  the  other  and  applying  the  boundary  conditions,  a  system  performance 
analysis  can  be  carried  out  with  some  parameters  remaining  to  be  inputs.  The 
analytical  procedure  represented  by  an  information-flow  diagram  is  as  shown  in 
Fig.  3.  It  should  be  noted  that  the  instantaneous  mass  flowrate  through  the 
regenerator  mft)  is  calculated  first,  and  then  the  average  mass  flowrate  at 
flowing  period  mt  is  determined  and  matched  with  the  solution  from  the 
governing  equations  of  the  regenerator  and  pulse  tube.  During  the  solution 
processes,  CR  and  C  ,  arc  determined  by  matching  the  boundary  conditions  in 
the  regenerator  and  the  pulse  tube. 

It  was  found  that  there  are  six  input  parameters  for  the  performance  ol 
BPT  refr  igerators:  J’h,  l‘L,  7'; ,  7'^.  Tm,  and  /.  For  a  design  of  BPT 
refrigerator,  the  performance  is  then  determined  if  these  six  input  parameters 
related  to  the  operating,  conditions  were  given.  Tire  performance  of  Bl’l 
refrigerators  ear;  be  represented  by  the  heat  rejection  rate  (Jh,  the  cooling.  load 


Ql,  and  COP.  It  can  be  shown  that 


Qh  -  H>CpCXpt\ 
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EXPERIMENTAL  VERIFICATION 

The  present  system  analysis  was  carried  out  for  the  BPT  refrigerator  used 
by  Colangelos  et  al.  in  their  experiment.11  The  design  specifications,  operating 
conditions  and  system  performance  are  listed  in  Table  1.  The  predicted  cooling 
capacity  (8.0  HO  agrees  fairly  well  with  the  experimental  result  (9.0  HO,  about 
an  1 1  °7o  deviation.  The  deviation  may  result  mainly  from  having  ignored  gas 
he2t  conduction  during  quiescent  periods  and  the  quasi-steady  assumption  ot  the 
gas  flow  rate  vs.  the  pressure  drop  across  the  regenerator,  the  errors  of  heat 
transfer  and  the  frictional  factor  correlations  of  the  regenerator  used,  and  the 
experimental  errors.  The  agreement  between  the  experimental  data  and  the 
present  analysis  also  indicates  that  the  convective  heat  transfer  between  gas  and 
tube  wall  or  regenerator  matrix  could  be  a  controlling  mechanism  of  the  surface 
heat  pumping  effect  in  the  performance  of  BPT  refrigerators.  We  expect  that 
the  accuracy  of  the  present  analysis  could  be  improved  if  more  accurate 
empirical  correlations  for  the  heat  transfer  coefficient  and  friction  factor  were 
used  and  the  gas  conduction  heat  transfer  mode  during  quiescent  periods  was 
considered. 


PERFORMANCE  OF  PULSE-TUBE  CRYOCOOLERS 

A  system  performance  analysis  was  carried  out  for  the  BPT  refrigerator 
presented  in  Table  I.  Figure  4  shows  that  at  a  fixed  cold-end  temperature  7)  , 
the  COP  increases  first  with  the  charging  pressure  Ph ,  then  reaches  a  maximum 
value  and  then  decreases.  This  is  due  to  the  transition  of  convective  heat 
transfer  in  the  pulse  tube  from  laminar  to  turbulent.  Since  the  mass  flow  rale  in 
the  pulse  tube  increases  with  charging  pressure,  the  curve  at  the  left  side  of  the 
optimum  COP  point  represents  the  laminar  flow  region.  In  laminar  flow 
operation,  COP  will  increase  monotonically  with  the  charging  piessme  Ph.  This 
coincides  with  many  field  experiences  that  a  BPT  refiigciator  will  peifoim  bct'ei 
if  laminar  flow  is  maintained  in  the  pulse  tube.1,7,11 
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Fig.  3.  Information-flow  diagram  of  system  analysis  for  BPT  refrigerators. 


Table  1.  Comparison  of  experimental  and  analytical  cooling  capacities. 


Design  Specifications 


Pulse  Tube: 

stainless  steel 

dp,  =  15.06  mm 

Lp,  -  304.8  mm 

lliieki'css  =  0.40 

Regenerator: 

packed  lead  spheres 

dr  =  1.27  nim 

Lh  =  304.8  mm 

II 

O 

C*-> 

cc 

oc 

Dk  =  24.38  mm 

Ga.-,  Heat  Lxeliaiiger: 

Dhx  =  15.06  mm 

Vh  =  1.1  x  10  'm> 

Operating  Conditions 

Th  =  278.5  K 

7/  -  208.9  K 

7\,  298.0  K 

J‘h  =  5.1  atm  abs 

1',  -  1 ,7  atm  abs 

/  -  158  rpm 

Cooling  Capacity 

Measured : 
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Fig.  4.  Variation  of  COP  with  charging  pressure  Ph. 

Figure  4  also  shows  that  COP  does  not  vary  with  the  pulse  rate.  The  reason 
is  that,  as  long  as  the  flowing  period  does  not  exceed  the  half-cycle  period,  i.e. 
yj  <  0.5,  and  the  gas  conduction  heat  transfer  during  quiescent  periods  is 
ignored,  the  pressure-time  wave  form  and  the  heat*transfer  rate  will  remain 
unchanged  at  a  fixed  charging  pressure.  Figure  5  shows  that  the  cooling  load  Qt 
increases  with  the  cold-end  temperature  TL  and  pulse  rat c/. 

The  present  system  analysis  cats  also  be  used  to  investigate  the  cl  feet  ol 
regenerator  and  pulse-tube  designs  on  system  performance.  Figure  6  is  a  result 
simulated  for  the  same  BPT  refrigerator  but  with  r?r',ncrator  design  changed  by 
using  different  diameters  for  the  lead  spheres.  ,\t  lugiic.  cold-end  temperature, 
changing  rcgcnc  ator  particle  si/c  d[t  will  nor  change  the  performance 
significantly.  However,  at  the  lower  cold-er.J  temperate  e,  the  regenerator  design 
will  significantly  affect  performance,  espcc  ally  the  o'  ,-cnd  temperature  at  /.ciu 
cooling  load.  The  dashed  line  shown  in  Fig.  <■  is  th<  csuli  foi  the  15P I 
refrigerator  design  shown  in  Table  1  but  with  the  pulse  tube  length  increased  b\ 
1.5  times  and  the  lead  sphere  diameter  of  the  regenerator  reduced  by  4  times. 

The  results  show  that  the  cold-end  temperature  at  /eto  cooling  load  di  ops 
significantly.  Figure  6  indicates  that  at  the  higher  cold-end  tempcratuie,  the 
system  per  loi  inatice  vs  ill  not  be  significantly  different  for  various  IIP'1 
iciiipcialoi  designs. 


CONCLUSIONS 


The  system  performance  analysis  developed  in  the  present  study  can  be  used 
to  predict  the  performance  of  BPT  refrigerators  without  the  need  for 
determining  the  pressure-time  wave  form  in  the  pulse  tube  experimentally  as 
required  by  Colangelo  et  al.u  Thus,  the  analysis  is  simple  and  can  be  carried 
out  even  on  a  personal  computer.  The  analytical  results  obtained  in  the  present 
study  also  indicate  that  the  convective  heat  transfer  between  the  gas  and  the 
tube  wall  or  regenerator  matrix  during  flowing  periods  may  be  a  controlling 
mechanism  in  the  performance  of  BPT  refrigerators.  However,  the  accuracy  of 
the  analysis  may  become  lower  if  the  gas  heat  conduction  during  the  quiescent 
periods  dominates,  which  may  depend  on  the  design  and  operating  conditions. 
We  believe  that  the  surface  heat  pumping  effect  of  BPT  refrigerators  consists  of 
the  heat  transfer  processes  during  quiescent  (gas  conduction)  and  flowing  (gas 
convection)  periods.  The  relative  importance  of  both  heat  transfer  modes  will 
depend  on  the  design  and  operating  conditions.  The  system  analysis  including 
both  kinds  of  heat  transfer  modes  will  definitely  improve  the  accuracy.  This 
remains  for  further  studies. 
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NOMENCLATURE 
A  T  =  surface  area  per  unit  length  of  regenerator; 

A  t  =  surface  area  per  unit  length  of  pulse  tube; 
d p  -  particle  diameter  of  regenerator; 
d '  f  ~  inside  diameter  of  pulse  tube; 
k  =  thermal  conductivity  of  gas; 

D R  ~  inside  diameter  of  regenerator; 

,  =  length  of  pulse  tube; 

Lk  -  length  of  regenerator; 

R  =  gas  constant; 

T  -  temperature  of  puisc-tubc  wall  or  regenerator  matrix; 

V n  =  gross  volume  of  regenerator; 
q  =  mean  gas  density; 

\a  -  gas  viscosity; 


Subscripts: 


c  =  compression 

e  —  expansion 

g  =  gas 

0,i,h,c  =  locations 

Superscripts: 

-  =  half-cycle  average 

-  =  time  average  over  flowing  periods 
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ABSTRACT 

A  pulse  tube  refrigerator  model  was  developed  by  combining  detailed 
component  models.  The  component  models  are  based  on  local  conservation 
of  mass,  momentum,  and  energv.  The  system  model  predicts  pressure,  mass 
flow  rate,  'neat  flow,  and  enthalpy  flow  at  all  the  interfaces  between 
components  as  functions  of  time  as  well  as  overall  system  performance 
parameters,  heac  loads,  and  compressor  work.  The  numerical  methods  were 
selected  for  rapid  convergence  and  simultaneous  solution  of  the 
component  models  at  all  interfaces. 

A  sensitivity  study  with  this  model  demonstrates  the  strong 
dependence  of  system  performance  on  the  orifice  valve  setting.  There  is 
an  optimum  valve  coefficient  that  gives  peak  performance  The 
sensitivity  study  also  showed  that  performance  can  be  significantly 
improved  if  the  regenerator  pressure  losses  are  reduced  (by  increasing  the 
regenerator  permeability,  by  increasing  the  cross-sectional  flow  area, 
by  decreasing  the  length,  by  decreasing  the  compressor  frequency,  or  by 
increasing  the  mean  pressure). 


SYSTEM  CONFIGURATION 

The  one-stage  pulse  tube  refrigerator  configuration  including  an 
orifice  and  reservoir  (see  Fig  1)  studied  here  was  first  reported  bv 
Mikulin'  and  further  developed  by  Radebaugh2.  This  refrigerator 
consists  of  a  compressor,  heat  exchangers,  and  passive  components 
connected  in  series.  In  sequence,  these  are:  the  compressor,  the 
aftercooler  (heat  exchanger),  the  regenerator  (heat  exchanger),  the  cold 
end  heat  exchanger,  the  pulse  tube,  the  hot  end  heat  exchanger,  the 
orifice,  and  the  reservoir.  The  pulse  tube  and  the  reservoir  are  empty 
volumes  .  The  heat  exchangers  are  typically  packed  fine  inesh  screens. 
Helium  is  the  working  fluid.  From  the  compressor  through  the  cold  end, 
the  pulse  tube  refrigerator  is  similar  to  a  Stirling  refrigerator. 
However,  in  a  Stirling  refrigerator  there  is  a  displacer  piston  instead 
of  the  components  from  the  pulse  tube  through  the  reservoir.  These 
components  have  the  same  function  as  a  second  piston  The  pulse  tube 
cooler  is  a  variant  of  the  Stirling,  refrigerator. 
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Aflercooler  HX 


Figure  1.  Pulse  tube  cooler  configuration. 

.SYSTEM  MODEL  APPROACH 

ASSUMPTIONS 

The  purpose  of  the  present  model  is  to  simulate  the  "periodic  steady 
state"  after  the  hardware  cooldown.  During  the  "periodic  steady  state" 
the  hardware  temperatures  are  constants,  and  the  gas  states  and  heat 
exchange  are  predicted  as  functions  of  time.  In  the  calculation,  the 
gas  usually  equilibrates  to  a  cyclically  repeating  condition  in  just  a 
few  compressor  cycles. 

The  present  pulse  tube  refrigerator  model  uses  simplifications  that 
take  advantage  of  the  characteristically  efficient  heat  exchangers  in 
practical  devices.  The  number  of  transfer  units  (Nl;j)  for  typical 
regenerators  is  on  the  order  of  100.  The  gas  temperature  approaches  the 
heat  exchanger  temperature  as  exp(  Ktx.'l.  The  model  assumes  for  all  heat 
exchangers  (aftercooler,  regenerator,  cold  end,  and  hot  end)  that  the 
gas  temperature  is  the  same  as  the  heat  exchanger  solid  temperature. 

For  the  regenerator,  this  temperature  is  a  linear  function  of  position 

T  -  T  +  (T  -  T  );- 

d  C  cl  L- 

where  Ta  is  the  aftercooler  temperature.  Tt  is  the;  cold  end  temperature, 
L  is  the  regenerator  length,  and  x  is  the  axial  position  within  the 
regenerator .  This  linear  regenerator  temperature  has  been  veriried  for 


Stirling  refrigerators'.  These  temperature  assumptions  imply  zero 
enthalpy  flow  averaged  over  a  cycle  at  both  of  the  regenerator 
boundaries.  The  gas  temperatures  are  used  only  in  mass  and  momentum 
conservation  equations  to  solve  for  pressure  drops.  All  other  heat 
exchanger  solid  temperatures  are  assumed  time  and  space  independent. 

Heat  rejection  from  the  heat  exchangers  is  determined  from  the  non- 
symmetrical  gas  temperature  at  the  interfaces  with  the  pulse  tube  or  the 
compressor  components. 

The  reservoir  is  assumed  isothermal.  This  assumption  is  in  keeping 
with  the  low  flow  rates  through  the  orifice  and  typical  system 
configurations.  The  reservoir  pressure  variations  are  small,  so  the 
system  impact  of  assuming  an  isothermal  reservoir  as  opposed  to  say  an 
adiabatic  reservoir  is  minimal. 

Both  ar.  adiabatic  compressor  model  and  an  isothermal  compressor  model 
are  implemented.  The  compressor  volume  is  considered  well  mixed.  The 
gas  temperature  and  pressure  are  both  predicted  as  functions  of  time, 
but  the  entire  compressor  volume  is  represented  by  one  temperature  and 
one  pressure.  When  gas  enters  the  compressor  from  the  aftercooler  it 
has  the  aftercooler  temperature,  while  the  gas  exits  at  the  compressor 
mixed  gas  temperature. 

Conversely,  the  pulse  tube  is  assumed  to  have  segregated  gas 
elements.  There  is  no  direct  thermal  diffusion  between  adjacent  gas 
elements.  Howeve r ,  the  gas  elements  can  transfer  heat  with  the  wall 
(solid)  elements.  Thus,  heat  can  be  transferred  indirectly  between  gas 
elements  by  temporary  storage  of  heat  in  a  wall  element  that  both  gas 
elements  pass.  This  wall  heat  transfer  can  optionally  be  shut  off  bv 
setting  the  wall  Nusselt  number  to  zero.  The  pressure  within  the  empty 
pulse  tube  is  dependent  on  time,  but  is  assumed  independent  of  position 
(e.i..,  no  pressure  drop  in  the  pulse  tube).  The  gas  temperature  is 
computed  as  a  function  of  both  time  and  position  in  the  pulse  tube.  As 
gas  elements  enter  the  pulse  tube  from  the  heat  exchanger  at  either  end, 
they  are  assumed  to  be  at  that  heat  exchanger  temperature.  As  gas 
elements  leave  the  pulse  tube,  they  exchange  enthalpy  in  proportion  to 
the  difference  between  the  gas  exit  temperature  and  the  heat  exchanger 
solid  temperature. 

SYSTEM  NUMERICAL  APPROACH 

The  flow  behavior  in  each  of  the  components  is  strongly  coupled  to 
the  others.  The  equations  governing  the  flow  in  each  component  are 
highly  non-linear.  However,  shooting  methods  such  as  Kunge-Kutta  have 
been  found  ineffective.  Therefore,  the  numerical  method  selected  uses 
linearization  and  solves  for  the  flow  in  all  components  simultaneously . 
The  numerical  approach  subdivides  the  compressor  cycle  into  many  time 
steps  and  satisfies  equations  for  conservation  of  mass,  momentum,  and 
energy  in  each  component  (and  at  many  node  points  within  some 
components)  at  the  current  time  step  before  proceeding  to  the  next  time 


The  present  model  consists  of  component  models  and  a  method  to  solve 
those  component  models  simultaneously.  First,  che  component  models 
(which  consist  of  all  the  conservation  equations)  are  linearized. 
Linearization  necessitates  iteration  at  each  time  step,  but  it  also 
results  in  rapid  convergence  within  just  a  few  iterations.  This 
linearization  is  not  an  approximation,  but  merely  a  numerical  method  to 
converge  on  the  solution  to  true  non-linear  equations  (it  is  analogous 
to  the  Newton -Raphson  method).  Second,  the  component  models  produce  the 
coefficients  for  a  set  of  linear  relations  between  the  pressures  and 
mass  flow  rates  at  the  boundaries  of  the  components.  Most  components 
have  two  boundaries  with  their  neighbors,  and  their  models  produce 
coefficients  for  two  linear  relations  of  the  pressures  and  flow  rates  at 
the  boundaries.  The  compressor  and  the  reservoir  each  have  one  boundary 
and  their  models  each  produce  coefficients  for  one  such  relation.  An 
elimination  procedure  is  then  used  to  solve  simultaneously  for  the 
pressures  and  mass  flow  rates  at  all  the  interfaces  between  components. 

The  gas  temperatures  are  inputs  (taken  from  the  hardware 
temperatures)  for  all  components  except  the  (adiabatic)  compressor  and 
the  pulse  tube.  These  two  components  are  isolated  with  heat  exchangers 
at  each  boundary.  Thus,  their  gas  temperatures  can  be  viewed  simply  as 
functions  of  the  pressures  and  mass  flows,  not  as  additional  primary 
variables.  The  compressor  and  pulse  tube  component  models  solve  for 
these  gas  temperatures  as  a  separate  step  between  iterations.  The 
pressure  and  mass  flow  rate  at  each  node  point  subdivision  of  each  heat 
exchanger  are  also  computed  in  a  separate  step  between  iterations. 


COMPRESSOR 


COMPONENT  MODELS 


The  instantaneous  mass  of  gas  in  the  compressor  is 


Conservation  of  mass  is  expressed  by  talcing  the  time  derivative  of  the 
above  expression. 

m  1  dp  1  i3V  1  3T 
m  pot  V  ift  Tot 

The  initial  negative  is  due  to  the  sign  convention  of  m  being  the  mass 
flow  rate  out  of  the  compressor.  The  last  term  is  zero  for  an 
isothermal  compressor.  For  an  isothermal  compressor,  the  gas 
temperature  remains  at  the  initial  input  value,  and  no  energy 
conservation  equation  is  needed. 


94 


The  adiabatic  compressor  requires  a  different  energy  conservation 
equation  depending  or.  whether  the  flow  is  in  or  out  of  the  compressor. 
The  adiabatic  compressor  is  actually  only  adiabatic  when  the  mass  flow 
is  out  of  the  compressor 


1  aT  ^  k  cp 
T  dt  p  st 


m  >  0 


where  k  -  (7  -  l)/7.  When 
aftercooler  it  is  at  the  Tc 
the  other  compressor  gas. 
not  adiabatic.  The  energy 


gas  enters  the  compressor  from  the 
aftercooler  temperature,  and  it  mixes  wi 
Mixing,  gas  of  two  different  temperatures 
conservation  equation  in  this  case  is 


th 

is 
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1  T  1 
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dt  [ 
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Vet  [ 

1  £p 
p  dt 


m  <  0 


HEAT  EXCHANGERS 

The  temperature  of  the  heat  exchanger  surfaces  is  a  (time 
independent)  function  of  x  --  linear  for  the  regenerator  and  constant 
for  the  other  heat  exchangers.  The  gas  temperature  is  assumed  to 
equilibrate  rapiaiy  to  the  local  heat  exchanger  temperature.  This  know-n 
heat  exchanger  temiperature  takes  the  place  of  an  energy  conservation 
equation.  Local  conservation  of  mass  and  momentum  are  solved  by  a 
finite  difference  method  to  compute  pressure  and  mass  flow  rate  as 
functions  of  x  <, downstream  axial  position)  at  each  time  step. 

The  gas  temperature  is  a  function  of  position  but  not  a  function  of 
time.  Thus,  the  equation  for  local  conservation  of  mass  is 


dm  fcAl  dp 

dx  (rTJ  dt 


where  t  is  the  porosity  of  the  heat  exchanger  packing  and  A  is  the  total 
flow  area  upstream  of  the  packing,  so  that  (A  is  the  flow  area  within 
the  packing. 

The  equation  for  local  conservation  of  momentum  is 


dp 

RT/jm  CjRT  tii  rh 

1 

orh 

R 

a  flmzl 

dx 

“  p  aV  p 

At 

dt 

(At)2 

dx(  p  J 

where  K  is  the  permeability  of  the  heat  exchanger  packing  and  C;  is  the 
second  permeability  coefficient.  The  terms  contributing  to  the  pressure 
drop  (right  hand  side  of  the  equation)  in  order  are:  the  viscous  drag, 
the  form  drag,  transient  momentum  storage,  and  inertia.  The  mass  and 
momentum  conservation  equations  are  linearized  and  solved  by  the  Keller 
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3ox  method1-  to  produce  the  coefficients  of  a  pair  of  linear  relations 
between  the  pressures  and  mass  flow  rates  at  the  component  boundaries. 

For  packed  screens,  the  permeability  is  well  correlated  by  the  Kozenv 
equation'5 


2 

122  a-o 

where  d  is  the  wire  diameter.  For  packed  screens6,  C.  «=  0.074. 

PULSE  TUBE 

The  pulse  tube  is  assumed  to  have  the  same  pressure  at  all  points. 
This  spatial  independence  of  pressure  takes  the  place  of  a  momentum 
conservation  relation.  Local  conservation  of  mass  and  energy  are  solved 
using  a  Lagranginn  approach.  A  set  of  gas  elements  are  defined  with 
fixed,  equal  gas  masses.  The  gas  element  positions,  volumes,  and 
temperatures  are  tracked  with  time. 

The  temperatures  of  the  gas  elements  change  with  compression  or 
expansion,  with  heat  exchange  to  the  pulse  tube  walls,  and  when  entering 
a  heat  exchanger  at  either  end  of  the  tube.  At  the  beginning  of  each 
time  step,  the  pressure  changes,  and  temperatures  of  a  L 1  gas  elements 
within  the  pulse  tubt  are  adjusted  for  adiabatic  compression  or 
expansion,  T=T0 (p/p0) 1 1" 1 1  .  The  gas  elements  move  in  the  tube  both 

because  of  the  mass  flow  rates  at  the  ends  and  because  of  gas  element 
volume  changes  (due  to  pressure  and  temperature  changes) .  The  tube  wall 
is  divided  into  solid  elements  with  equal  thermal  mass.  As  the  gas 
elements  move  past  the  solid  elements,  there  is  heat  exchange.  The 
Nusselt  number  (a  user  input)  is  used  to  determine  the  he3t  transfer 
coefficient,  h  -  Nu  k/D.  The  heat  exchange  is  proportional  to  this 
Nusselt  number,  to  the  temperature  difference  between  the  gas  element 
and  the  solid  element,  and  to  the  residence  time  for  the  gas  element 
being  next  to  the  solid  element.  This  wall  heat  transfer  can  be  shut 
off  (i.e.,  adiabatic  wall  assumption)  by  inputting  a  zero  Nusselt 
number.  When  a  gas  element  e  iters  a  heat  exchanger  at  either  end  of  the 
pulse  tube,  it  exchanges  heat  tc  equilibrate  to  the  heat  exchanger 
temperature.  Gas  elements  leave  the  heat  exchangers  to  re-enter  the 
pulse  tube  at  the  heat  exchanger  temperature. 

ORIFICE  OR  VALVE 

The  orifice  component  model  assumes  that  the  mass  flow  rate  at  the 
right  and  left  ends  are  equal  vno  temporary  storage  ol  mass,  as  in  the 
other  components).  Thus,  only  a  pressure  drop  relation  is  needed.  The 
choices  ol  a  circular  tube  orifice  (specified  length  and  diameter)  or  a 
valve  (specified  valve  coefficient,  Cv)  a:  e  implemented. 


% 


In  the  case  of  a  tube,  the  pressure  loss  is  the  sum  of  viscous  losses 
and  (entrance  and  exit)  dynamic  losses 

2  2  4RT  pL  fRe  m  K  RT  iiijiiil 

P6  -  P7 - 2 -  +  - 2  * 

AD  A 

where  L  is  the  tube  length,  D  is  the  tube  diameter,  A  is  the  tube  flow 
area,  K  is  the  dynamic  loss  coefficient,  p  is  the  gas  viscosity,  and  fRe 
is  the  friction  factor  times  Reynolds  number.  The  orifice  is  between 
component  interfaces  6  and  7  --  hence  the  subscripts  on  pressure. 

The  valve  coefficient,  Cv,  is  a  dimensional  quantity  which  is  defined 
by  valve  manufacturers  with  an  odd  mix  of  units.  With  all  other 
quantities  in  SI  units  (kg,  s,  m,  Pa,  km.ol  ,  K)  ,  the  pressure  drop 
relation  for  a  valve  is 


13 
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SYSTEM  MODEL  RESULTS 

The  present  pulse  tube  system  model  has  been  used  for  sensitivity 
studies,  to  identify  key  parameters,  and  to  determine  performance 
potential.  The  model  presented  in  this  paper  has  a  number  of 
idealizations  that  do  not  perfectly  match  hardware  for  which  we 
currently  have  data.  In  general,  the  model  predicts  the  pressure  quite 
well,  but  not  the  cooling  power.  However,  this  model  is  being  upgraded. 

SENSITIVITY  STUDY 

A  pulse  tube  system  with  a  compressor  of  3  cc  swept  volume  was 
selected  as  a  baseline  for  our  study.  The  aftercooler,  regenerator,  and 
cold  end  fit  in  a  8.64  mm  ID  tube.  The  aftercooler  has  15  1 50 - mcsh/inch 
copper  screens.  The  regenerator  has  620  250-mesh/inch  stainless  steel 
screens.  The  cold  end  has  22  150-mesh/inch  copper  screens.  The  pulse 
tube  is  a  48  mm  long,  5  mm  diameter  tube.  The  hot  end  has  14  150- 
mesh/inch  copper  screens.  The  reservoir  is  52  cc .  Some  other 
parameters  for  this  baseline  case  are  given  in  Table  1. 

Pressure  and  mass  flow  rate  histories  for  the  baseline  case  are  shown 
in  Figs.  2  and  3.  These  solutions  are  for  component  interfaces  3 
(between  the  compressor  and  aftercooler) ,  4  (between  the  cold  end  and 
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Pressure 


Figure  2.  Pressure  history  in  the  compressor,  pulse  tube,  and  reservoir 


Figure  3.  Mass  flow  rate  history  at  interface  numbers  i ,  U,  and  7. 


JbJ__ 


Tabic  1.  Varied  Parameters  and  Baseline  Values. 


Parameter 

Baseline  Va 

Frequency 

AO  Hz 

Swept  volume 

3  cc 

Porosity 

0.63 

Permeability 

2.33E-11  m2 

Cv  of  orifice 

0.003 

Pulse  tube  length 

A  .  /  o  cm 

Regenerator  length 

3.67  cm 

Regenerator  flow  area 

0.586  cm2 

Mean  pressure 

11.36  bar 

Cold  end  temperature 

100  K 

Hot  end  temperature 

300  K 

pulse  tube),  and  7  (between  the  orifice  and  reservoir).  The  abscissa  in 
these  figures  was  converted  from  time  to  compressor  position.  The 
solutions  shown  here  are  for  the  fourth  compressor  cycle.  Four  cvcles 
is  sufficient,  because  the  pressures  and  mass  flow  rates  are  seen  to 
repeat  at  the  0°  and  360"  points,  and  because  the  component  work  and 
heat  rejection  values  converge.  The  pressure  histories  (Fig.  2)  are 
seen  to  deviate  from  sinusoidal  by  being  more  peaked  at  high  pressures 
and  broader  at  low  pressures. 

The  mass  flow  rate  histories  (Fig.  3)  are  more  non - s inusoidal  than 
the  pressures.  The  mass  flow  rate  history  through  the  orifice  has  a 
kink  at  zero  mass  flow.  There  is  a  mass  flow  rate  squared 
proportionality  for  the  pressure  drop  through  valve  type  orifices. 

Thus,  as  the  pressure  difference  across  the  orifice  approaches  zero,  the 
rate  of  change  of  mass  flow  rate  is  infinite.  The  finite  time  step  size 
(each  compressor  cycle  was  subdivided  into  120  time  steps  for  this 
example)  with  the  infinite  slope  at  zero  mass  flow  results  in  a  small 
kink . 

A  seiisnivi,}  scuuv  was  conducted  uviciintir  tne  j.  input,  t  of  msiA  of 
the  pulse  tube  cooler  design  and  operating  parameters  to  the  system 
performance  (parameters  varied  are  listed  in  Tables  1  and  2).  In  most 
cases,  only  one  variable  at  a  time  was  altered  from  the  baseline  case. 
However,  when  porosity  was  varied,  permeability  was  also  varied.  The 
compressor  mean  I’^lnme  was  always  a  SB  cc  minus  half  the  swept  volume. 

The  sensitivity  study  results  (fraction  of  Carnot  efficiency, 
compressor  work,  cold  end  heat  rejection,  and  ratio  of  dynamic  pressure 
to  mean  pressure  in  the  compressor)  are  shown  in  Table  2.  The  largest 
predicted  efficiencies  (0.52  times  Carnot  efficiency)  were  achieved  by 
increasing  the  regenerator  permeability  (cases  7  and  8).  Most  other 
predicted  significant  improvements  in  the  specific  performance  are  also 
directly  related  to  reducing  the  pressure  drop  in  the  regenerator. 

These  include:  lower  frequency  (case  2),  smaller  regenerator  length 


Table  2.  Sensitivity  Study  Results. 


Case  Varied  Parameter 

Value 

Work  (W) 

Cooling  (W) 

EuClO, 

o.  2  39 

1 

None  (baseline) 

0.356 

27.6 

9  .  a 

2 

Frequency 

20  Hz 

0.9  39 

19.9 

3  .  1 

0. 1  7t, 

3 

Frequency 

80  Hz 

0.193 

55.8 

5 . 9 

0.2  73 

u 

Swept  volume 

2  cc 

0. 386 

12.3 

2 . 9 

0. 130 

b 

Swept  volume 

9  cc 

0.323 

50.8 

8.2 

0.329 

6 

Porosity 

Permeability  1 . 

0 . 9 

8SE-12  m2 

0.070 

53.6 

1.9 

0.537 

7 

Poi os it v 

Permeability  1. 

0.8 

3  3  E  - 1 0  m‘ 

0.510 

18.0 

9 . 7 

0.192 

8 

Pores i tv 

Pe  rmeab i 1 i t  y  1 . 

0.63 
33E-10  m2 

0.515 

20.5 

5  .  3 

0.205 

9 

Cv  for  orifice 

0.001 

0. 185 

13.0 

1  .  2 

0.2  38 

10 

Cv  for  orifice 

0.00  2 

0.279 

17.1 

0 . 2  39 

11 

Cv  for  orifice 

0.01 

0.335 

3a  .  s 

5.8 

0.209 

12 

Cv  for  orifice 

0.02 

0.162 

31  .0 

3  .  5 

0  162 

13 

Pulse  tube  length 

2.38  cm 

0.386 

30.2 

5 . 8 

i  2  3  7 

19 

Pulse  tube  length 

9.5?  cm 

0.299 

29 . 5 

3  .  b 

o.  202 

1  5 

Regenerator  length 

1  .  89  cm 

0.958 

28  t 

6 . 6 

0.2  30 

16 

Regeneratoi  length 

7  39  cm 

0.201 

29 . 3 

2  9 

0. 22S 

17 

Regen.  flow  area 

0.293  cm2 

0.267 

91.3 

5 . 5 

0.320 

1  o 

J. 

Reger,,  flew  area 

1  . 172  cm2 

0  909 

16  8 

3.9 

0.168 

19 

Mean  pressure 

5.68  hat- 

0.2b  2 

17.1 

2  .  2 

0.269 

20 

Mean  pressure 

22.  7?  bar 

0.931 

4  7.6 

10.2 

0.39  7 

21 

Cold  temperature 

70  K 

0.383 

28  .  1 

3  .  3 

0.199 

22 

Cold  temperature 

130  K 

0.310 

26.6 

6.3 

0 . 269 

23 

Hot  temperature 

250  K 

0.332 

2  5.1 

5 . 6 

0.253 

(case  IS),  increased  regenerator  flow  area  tease  18),  and  increased  mean 
pressure  tease  21). 

The  valve  coefficient,  Cv ,  of  the  orifice  has  a  large  impact  or.  the 
specific  performance.  There  is  an  optimum  Cv  for  each  system  that  gives 
a  ^ e a k  f ic iency ,  and  both  smaller  and  larger  Cv  valuis  result  in 
smaller  specific  performance  values.  The  valve  coefficient  of  the 
baseline  case  is  near  optimum.  The  valve  coefficient  is  varied  it',  cases 
9  through  12,  resulting  in  smaller  specific  performance  than  for  the 
base!  i  n°  case 

Increasing  the  compressor  swept  volume  increases  both  the  cold  end 
cooling  and  the  compressor  work  nearly  proportionally,  so  that  the 
efficiency  variation  is  small.  Increasing  the  compressor  frequency  also 
increases  both  the  cooling  and  the  work,  but  then  the  efficiency 
decreases  due  to  increased  regenerator  pressure  losses. 
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ABSTRACT 

A  crvoslat  has  been  assembled  m  order  to  establish  the  helium 
adsorption  characteristics  of  several  commercially  available  activated 
carbons.  The  apparatus  is  designed  to  allow  studies  of  both  static  and 
transient  behavior  Static  pressures  are  measured  with  room  temperature 
instrumentation  applying  thermo-molecular  pressure  difference 
corrections.  Transient  pressure  data  are  established  using  cryogenic 
pressure  gauges.  This  paper  discusses  the  apparatus  and  results  obtained 
in  preliminary  tests.  One  sample  of  activated  carbon  has  been  tested  at 
temperatures  between  4.2  K  and  30  K  for  pressures  ranging  from  0.1  kPa  up 
to  300  kPa. 


INTRODUCTION 

The  amount  of  helium  adsorbed  by  activated  carbon  depends  strongly 
on  both  the  temperature  and  pressure.  Large  amounts  of  helium  may  lie 
adsorbed  at  low  temperatures  t mostly  below  30  K>  and  over  a  wide  range  in 
pressure  (.even  below  1  Pa  ~  7.5  inTorr).  Activated  carbon  is  applied  in 
various  types  of  low  temperature  refrigerators  for  its  ability  to  adsorb  and 
desorb  large  amounts  of  helium  reversibly.  Typically,  carbon  forms  the 
getter  for  a  gas  'vacuum  heat  switch1--.  In  more  advanced  systems  the 
carbon  affects  evaporative  cooling'1-'5.  The  efficiency  of  carbon  controlled 
heat  switches  and  pumps  may  be  improved  significantly  by  precise 
knowledge  of  the  temperature  -  pressure  -  adsorption  relations  of  the 
incorporated  carbon. 

Low  temperature  helium  adsorption  data  has  been  collected  by 
Ya/.quez  et  al.  and  others-'’-1’ ,  however,  the  carbons  used  for  these 
publications  are  not  so  readily  available  Because  of  the  variation  in 
adsorption  qualities  of  nomdcntical  carbons  (e.g.  between  the  two  sets  of 
Vazquez  data)  one  may  not  assume  the  specifications  of  one  source  to  be 


valid  in  general,  particularly  if  the  margins  for  operation  are  tight.  The 
dilemma  presented  by  availability,  variability  and  need  for  efficient 
adsorption  pumps2-4  has  lead  us  to  study  carbons  which  are  easy  to  come 
by.  Ironically  the  first  results  published  here  are  on  a  carbon  sample  for 
which  future  production  is  uncertain.  This  choice  is  related  to  the 
unusually  high  surface  area  (2000  m2/g)  suggesting  a  great  potential  for 
helium  adsorption.  Experiments  on  mass-produced  carbons  are  not  yet 
completed  and  so  will  be  published  elsewhere. 


VI  V  2 


Fig.  1  Sketch  of  the  Act  ivated  Carbon  Test  Assembly. 


1U4 


APPARATUS 


The  main  component  of  the  activated  carbon  test  assembly  (ACTA)  is 
the  annular  carbon  shell  (ACS)  depicted  in  figure  1.  The  container  is 
constructed  as  an  annular  space  in  order  to  attain  the  desired  wall  area  to 
bond  the  carbon  to,  without  compromizing  on  container  volume  (39  cm3). 
The  ACS  contains  3.5  g  of  cylindrical  carbon  granules*,  roughly  4  mm  tall 
and  3  mm  in  diameter.  The  granules  are  bonded  with  a  thin  layer  of 
stycast  2850  FT  to  the  container  w'all.  A  manganin  wire  heater  is  varnished 
to  the  ACS  as  wrell  as  a  germanium  resistance  thermometer  (GRT).  The 
pressure  inside  the  ACS  may  be  measured  through  a  1.5  mm  inner 
diameter  tube  by  an  external  gauge#  (as  shown)  or  by  means  of  a  cryogenic 
pressure  sensor  (CPS,  not  shown).  The  pressure  data  contained  in  this 
paper  are  measured  with  an  external  Mensor  gauge  (model  100)  fitted  with 
a  1.4  MPa  (200  psi)  pressure  module.  Modules  for  different  pressure  ranges 
are  available.  The  gauge  volume  (including  the  space  between  the  valves  V0, 

VI  and  V2)  equals  37  cm’.  A  second  port  to  the  ACS  is  provided 
by  the  needle  valve  to  supply  the  helium  when  the  CPS  is  in  place.  In  the 
present  experiments  the  needle  valve  is  closed  (average  leakrate  over  three 
days  <  10~6  std.cc/s).  The  needle  valve  port  is  supplied  with  a  separate 
heater  and  carbon  resistance  thermometer  (CRT)  so  that  its  temperature 
may  be  kept  in  check  with  the  ACS  temperature. 

The  ACS  is  surrounded  by  an  annular  vacuum  can.  The  pressure 
inside  the  vacuum  can  is  controlled  by  means  of  a  small  carbon  tray.  When 
the  carbon  tray  is  heated  up,  the  vacuum  is  broken,  thermally  shorting  the 
ACS  to  the  liquid  helium  bath.  The  ACS  is  made  out  of  copper  and  its  inner 
wall  is  extended  downwards  increasing  the  cooldown  heat  exchange  area. 
The  spacing  between  the  ACS  facing  walls  of  the  vacuum  can  and  the  ACS 
is  roughly  0.5  mm.  This  close  fit  allows  the  rapid  cooldown  needed  in 
transient  studies.  To  date  no  transient  data  have  been  recorded  using 
ACTA  since  this  requires  a  CPS  in  place 

Not  shown  in  figure  1  is  the  data  acquisition  (HP),  wiring  and  some 
additional  plumbing.  For  graphics  and  minor  computations  a  Macintosh 
computer  has  been  used  with  Abelbeck  Software. 


PROCEDURE 

After  leaktesting,  the  cryostat  is  prepared  for  an  experiment  by 
purging  the  ACS  at  room  temperature  repeatedly  with  nitrogen  gas  and  at 
a  later  stage  with  helium  gas.  In  between  pressurizing  and  before 
cooldown  inside  the  dewar,  the  ACS  is  thoroughly  evacuated  using  a  turbo 
pump.  Once  the  dewar  is  filled  with  liquid  helium  and  the  cryostat  is  cold, 
the  activated  carbon  is  given  a  liist  charge  of  helium  gas.  The  amount 
admitted  is  derived  from  the  change  in  tank  pressure  before  and  after 
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passing  gas  through  valve  VO.  The  pressure  gauge  is  pumped  out  after 
which  the  charge  in  the  ACS  is  allowed  to  also  enter  the  pressure  gauge. 

Being  charged  with  helium,  the  cryostat  is  ready  for  testing.  The 
ACS  is  heated  up  while  monitoring  the  progression  in  temperature  and 
pressure  readings.  Near  predetermined  pressure  values  the  heating  rate 
is  slowed  down.  The  pressure  and  temperature  data  are  recorded  during 
the  slow  passage  of  a  setpoint.  No  significant  difference  in  data  values 
(<0.1%)  has  been  observed  between  this  mode  of  measurement  and 
complete  steady  state.  When  the  pressure  and/or  temperature  range  of 
interest  has  been  traversed,  the  heaters  on  the  ACS  and  needle  valve  are 
turned  off,  the  carbon  tray  heater  being  turned  on.  Due  to  the  drop  in 
temperature,  the  activated  carbon  pumps  the  remaining  helium  out  of  the 
Mensor  back  into  the  ACS.  The  completion  of  one  set  of  data  at  a  particular 
charge  of  helium  to  the  ACS  is  succeeded  by  a  repetitive  series  of  additional 
charges  of  helium  to  the  system  and  more  data  collection. 


Fig.  2  Pressure  Data  as  a  Function  of  Temperature, 
at  Various  Helium  Charges. 
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RESULTS  AND  DISCUSSION 

The  temperature  and  pressure  data  gathered  at  various  charges  of 
helium  to  the  system  are  plotted  in  figure  2.  The  index  shows  the  total 
mass  of  helium  in  the  system  for  each  curve.  In  the  initial  run  the  system 
has  been  charged  with  0.4365  g  of  helium;  a  measured  amount  of  helium 
(0.4186  g)  has  been  extracted  between  the  first  and  second  run.  Given  the 
selection  of  experiment  setpoints,  the  data  are  easily  converted  into 
adsorption  diagrams  at  constant  pressure  (figure  3).  In  addition  the 
variation  of  helium  adsorption  during  each  test  is  shown  in  figure  4.  The 
adsorption  is  computed  by  subtracting  the  mass  of  helium  in  the  gas  phase 
in  the  ACS  as  well  as  in  gauge  volume  from  the  total  charge.  To  this 
purpose  merely  the  ideal  gas  law  has  been  applied.  No  corrections  are 
made  for  thermo-molecular  pressure  differences  over  the  tube  connecting 
the  ACS  and  the  Mensor.  Also  ignored  is  the  volume  of  the  tube. 


Fig.  3  Isobars  of  Helium  Adsorption. 
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The  data  in  figure  2  clearly  demonstrate  the  well  known  feature  of 
activated  carbon  to  enable  one  to  control  the  helium  gas  pressure  over  a 
wide  range  merely  by  regulating  the  temperature  of  the  carbon.  The 
pressure-temperature  relation  is  of  importance  in  the  design  of  heat 
switches.  Supplementary  data  at  low  pressures  is  to  be  taken  in  the  near 
future.  Computations  are  in  progress  to  compute  the  appropriate  pressure 
setpoints  taking  into  account  the  thermo-molecular  pressure  ratios. 

Near  20  K  the  results  on  the  adsorption  of  the  given  sample  of  carbon 
presented  in  figure  3  are  found  to  be  quite  similar  to  the  data  provided  by 
Vazquez  et  al.  on  their  sample  of  Saran.  However,  at  high  pressures, 
around  10  K  and  below,  the  APD  sample  appears  to  be  a  superior  helium 
adsorber.  Figure  4  shows  that  near  5K  and  at  high  helium  charges,  the  adsorp¬ 
tion  increases  as  the  temperature  is  lowered,  which  suggests  multi-layer  con¬ 
densation  onto  the  carbon.  Whether  the  adsorption  increase  is  an  artifact  caused 
by  our  approximations  has  not  yet  been  resolves. 
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At  low  pressures  the  present  data  indicate  a  lesser  ability  for  the  APD 
than  the  Saran  to  adsorb  helium.  This  may  be  the  result  of  our  failure  to 
include  thermo-molecular  effects  in  the  data  conversion.  The  effect  this 
correction  is  expected  to  have  on  the  data  is  to  alter  the  pressure  index 
labels  on  the  curves  to  lower  values. 


CONCLUSIONS  AND  FUTURE  WORK 

The  experiments  have  demonstrated  the  capability  of  the  apparatus 
to  provide  us  the  desired  data-base  on  various  activated  carbons.  The  data 
obtained  thus  far  need  to  be  analyzed  more  precisely  to  exclude  the 
possibility  of  errors  due  to  inappropriate  approximations.  The  tested 
sample  of  carbon  appears  to  be  an  excellent  adsorber  of  helium. 

This  work  is  to  continue  and  expand  in  three  ways.  Data  will  be 
gathered  over  a  wider  range  of  pressures;  a  variety  of  carbon  samples  is  to 
be  tested  and  lastly:  adsorption  of 1 2  3He  and  3He-4 5 6He  mixtures  will  be 
compared  to  that  of  the  presently  studied,  more  common  isotope  4He. 
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ABSTRACT 

NFT  has  developed  a  method  for  molding  structural 
activated  carbon-carbon  com.posites  (ACCs)  wnich  can  be 
manufactured  into  many  shapes  to  be  used  in  getters  and 
cryopum.ps.  An  effort  is  underway  to  improve  the  ACC  for  use 
in  adsorption  compressors  for  use  with  Joule -Thompson 
refrigerators.  The  material  currently  has  a  surface  area  cf 
between  400  and  500  irf/g,  a  compressive  strength  of  20  to 
150  psi,  and  a  density  cf  0.1  to  0.5  g/cm3.  The ^initial 
objective  is  to  raise  the  surface  area  to  1000  m2/g  and  the 
density  to  1  g/cm3,  a  level  which  is  believed  necessary  fox- 
use  in  adsorption  compressors.  Preliminary  studies  have 
shewn  that  high  densities  and  anisotropic  thermal 
conductivity  behavior  can  be  achieved  by  tailoring  the 
materials  and  processes.  During  the  past  year,  fiber 
binder  ratios,  and  different  binders  have  been  invest! 
in  addition  to  metallic  salt  pretreatment  cf  starting 
materials.  The  molding,  curing  and  activation  methods  also 
were  studied. 

The  current:  results  show  that  CO,  activation  under  a 
partial  blanketing  gas  of  nitrogen  gives  the  best  results. 
Chemical  treatments  of  precursor  material  has,  so  far,  been 
inconclusive.  Turther  study  is  being  conducted  in  that 
area . 


INTRODUCTION 

The  use  cf  activated  carbon  for  adsorption  cf  gases  in 
cryogenic  applications  such  as  cryopum.ps  is  common-place. 
Another  cryogenic  application  now  under  extensive  study  is 
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adsorption  compressors  for  use  with  Joule-Thompson 
refrigerators.  These  compressors  have  no  moving  parts  and 
require  only  heat  input  for  their  operation.  Their 
efficiency  can  be  improved  with  higher  surface  areas  per 
unit  volume  in  the  adsorber  and  with  lower  void  volumes.  A 
new  application  which  has  received  some  attention  recently 
is  the  use  of  adsorbers  as  a  matrix  for  regenerative  heat 
exchangers  in  the  4-20  K  temperature  range.  These  adsorbers 
would  also  require  high  surf ace-to-volume  ratios.  The 
optimum  geometry  for  the  adsorber  would  be  in  the  form  cf 
plates  in  order  to  eliminate  void  volume. 

For  use  in  a  regenerator,  the  adsorber  should  have  a 
good  thermal  conductivity  in  the  direction  perpendicular  to 
the  gas  flow,  but  a  low  thermal  conductivity  in  the 
direction  parallel  to  the  gas  flow. 

Commercially  available  activated  carbon  which  is  used 
in  these  applications  is  granular  and  exhibits  a  density  in 
the  range  of  0.5  to  1.0  g/crrh  and  a  surface  area  of  abcut 
1 0 0 0  md/g.  However,  since  the  carbon  is  used  in  the  form  cf 
a  packed  bed ,  a  certain  amount  of  void  space  between  the 
particles  lowers  the  overall  surface  area  per  unit  volume  cf 
the  system.  Thus,  the  adsorber  efficiency  is  lowered. 

Also,  the  granulated  carbon  has  a  tendency  to  produce 
contamination  problems  due  to  dusting  (friable) 
characteristics . 

KFT  has  developed  a  structural  activated  carbcn-carbcr. 
composite  (ACC)  for  use  in  cryogen  containment  systems. 

This  composite  material  which  consists  of  a  carbon  bonded 
carbon  fiber  exhibits  a  surface  area  of  between  400  and  500 
m2/'g ,  a  compressive  strength  of  20  to  150  psi,  and  a  density 
of  0.1  to  0.5  g/cmJ.  The  material  can  be  fabricated  in  a 
large  array  of  sizes  and  shapes.  Preliminary  studies  have 
shown  that  high  densities,  high  surface  areas  and 
anisotropic  thermal  conductivity  behavior  can  be  achieved  by 
tailoring  the  materials  and  processes. 


EXPERIMENTAL 

Fabrication  of  the  activated  carbon  composite  can  be 
separated  into  three  different  steps:  1)  fiber  preparation, 
2)  composite  molding  and  3)  carbonization/activation.  A 
flow  diaqram  of  this  process  is  presented  in  Figure  1.  The 
effects  of  fiber  activation  techniques  and  process  variables 
on  composite  density,  porosity,  compressive  strength, 
surface  area  and  thermal  conductivity  were  studied.  Process 
variables  investigated  included  fiber  length,  f iber-tc-resin 
ratio,  binder  type,  composite  compression  and  curing  of 


composite  block,  and  composite  carbonizaticn/activation 
profile . 

FIBER  PREPARATION 

These  studies  used  rayon,  pclyacrylonitrite  and  cotton 
fibers  as  precursor  materials  for  producing  carbon  fibers. 
Original  work  was  conducted  using  carbonized  rayon  fiber. 
Because  of  availability  and  price,  cotton  fiber  was  later 
substituted.  The  carbonized  cotton  fiber  retained  most  cf 
the  positive  characteristics  needed  for  its  intended 
purpose,  i . e .  as  a  starting  material  for  carbonized 
composite  media  for  high  efficiency  particulate  filters. 
Further  investigation  was  conducted  on  the  cotton  based 
material  to  optimize  it  for  use  in  getter  applications. 
Studies  of  the  cotton  based  activated  carton  composites 
(ACCs)  shewed  a  distinct  predominance  cf  average  pore  sizes 
in  the  17  to  18  A  diameter  range.  Other  samples  had  average 
pore  size  distributions  centering  at  7.5  A.  The  material's 
pore  size  distribution  resulted  in  an  ability  to  adsorb 
gases  at  cryogenic  temperatures. 

The  carbon  fiber  used  to  fabricate  composites  was 
obtained  by  subjecting  the  fiber  precursor  to  temperatures 
up  to  8 C C°C  in  an  argon,  nitrogen,  argon/carbon  dioxide,  cr 
th/CO,  atmosphere  to  prevent  degradation.  The  carbon  fiber 
was  then  sized  to  the  desired  length  by  processing  through  a 
v:  1 1  e  y  rill. 


COM  PCS  I T  E  MOLDING/ CURING 

Composite  molding  consisted  of  preparing  a  mixture  cf 
carbon  fibers  and  powdered  phenolic  resin  in  a  dilute  water 
slurry  and  using  pulp/vacuum  molding  techniques  to  form  a 
sol.  id  cake  of  the  desired  ccr.figurat  ion.  The  wet  cake  war 
cured/dried  at  100-150°C  for  3-12  hrs  which  allowed  the 
resin  to  flow  and  create  a  bending  web  between  the  carbon 
fibers  resulting  in  a  rigid  structure.  High  density  samples 
vc- >  •'  produced  by  compressing  the  wet  cake  and  then  curing 
the  cake  in  a  compressed  state. 

Preferred  fiber  orientation  in  the  final  composite  is 
achieved  during  the  vacuum  molding  process.  Fibers  tend  te¬ 
al  ign  randomly  in  planes  normal  to  the  applied  force  of 
vacuum.  Because  of  this  preferential  orientation,  the 
material  has  different  conductivities  normal  and  parallel  to 
the  vacuum  mandrel  or  plate.  It  is  thought  that  anisotropic 
thermal  conductivity  behavior  can  be  achieved  by  introducing 
highly  conductive  flake  or  fibrous  materials  into  the 
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composite  during  molding.  The  final  composite  would  have 
high  thermal  conductivity  in  the  plane  parallel  to  the 
vacuum  source  and  be  thermally  insulative  in  the  direction 
perpendicular  to  the  vacuum  source.  Towards  this  end, 
graphite  flakes  and  metallic  particles  were  added  to  the 
water  slurry  prior  to  the  molding  of  several  composite 
samples . 

Two  naturally  occurring  organic  binders  were  tried  as 
substitutes  for  the  phenolic  resin.  These  were  cornstarch 
and  powdered  tapioca.  Although  composites  were  successfully 
fabricated  with  these  binders,  preliminary  studies  of 
dusting  characteristics  and  surface  area  were  unfavorable. 
Future  experimentation  may  overcome  these  problems. 


COMPOSITE  CARBONIZATION 

The  carbonization  cycle  consisted  of  subjecting  the 
composite  to  a  temperature  in  excess  of  700:C  in  an  inert 
atmosphere  to  prevent  oxygen-induced  degradation.  This 
operation  resulted  in  transformation  of  the  phenolic  resir. 
to  carbon  with  the  resin  shrinking  and  losing  about  501  of 
its  original  weight. 


COMPOSITE  SURFACE  ACTIVATION 

The  surface  area  of  carbon  bonded  car ben  fiber 
composites  carbonized  as  described  above  is  quite  low  (<10 
m2/g) .  However,  high  surface  area  values  were  obtained  by 
exposing  the  composite  to  a  controlled  oxidizing  atmosphere. 

Experiments  were  conducted  in  which  carbonized  rayon 
fiber,  commercially  available  cotton  fiber  and  final 
composite  structures  were  exposed  to  different  amounts  of 
argon,  nitrogen  and  carbon  dioxide  while  at  temperatures  in 
excess  of  700°C.  The  results  of  these  experiments  are 
discussed  below. 


COMPOSITE  PROPERTIES 

The  composite  properties  of  interest  include:  density, 
perosity,  compressive  strength,  dusting  characteristics, 
hygroscopy,  surface  area  and  thermal  conductivity.  The 
density  and  porosity  values  were  determined  by  using  volume 
and  weight  relationships.  Compressive  strength  values 
reported  were  measured  using  an  Instron  Tensile  testing 
machine.  Dusting  characteristics  of  the  material  were 
determined  by  testing  to  Mil.  Std.  1246A  and  found  to  have  a 
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contamination  level  of  <500;  the  specified  limit  is  <750. 

The  affinity  for  water  was  determined  by  placing  weighed 
samples  of  the  activated  carbon  composite  and  samples  of  a 
commercially  available  activated  charcoal  (0.635  cm  size)  in 
a  humidity  chamber  for  24  hours.  The  samples  were  then  re¬ 
weighed  and  percent  of  weight  gain  was  calculated.  The 
surface  area  measurements  were  conducted  using  a  Digisorb 
Model  1600  BET  analyzer  utilizing  nitrogen  as  the  adsorbent. 


DISCUSSION  OF  RESULTS 


FIBER  PREPARATION 

The  carbon  fiber  used  was  obtained  by  subjecting  a 
fiber  precursor  to  temperatures  up  to  800°C  in  a  inert  or 
slightly  oxidizing  atmosphere.  The  carbon  fiber  was  milled 
to  produce  different  sizes  of  fiber.  Rayon  precursor 
studies  were  conducted  using  fibers  milled  to  0.0635  cm 
("long"  fiber)  and  0.0127  cm  ("short"  fiber).  The  long 
fiber  exhibited  a  surface  area  of  0.75  m.2/g  and  the  short 
fiber  exhibited  a  surface  area  of  1.19  m2/g.  Composites 
made  with  smaller  size  fiber  have  higher  apparent  density, 
lower  porosity,  greater  compressive  strength  and  higher 
surface  area  per  unit  mass. 


EFFECTS  OF  FIBER  LENGTH 

The  effect  of  fiber  length  on  composite  properties  of 
interest  was  studied  by  fabricating  composite  specimens  with 
long  carbonized  rayon  fiber  (0.0635  cm),  short  carbonized 
rayon  fiber  (0.0127  cm),  and  a  50/50  mixture  of  the  two 
lengths  of  carbonized  rayon  fiber.  The  resin  content  was 
held  constant  at  30%  arid  the  composite  specimens  were  all 
subjected  to  700°C  for  three  hours  and  3%  carbon  dioxide  in 
an  argon  carrier  gas. 

The  effect  of  fiber  length  on  density,  compressive 
strength  and  surface  area  is  shown  in  Figures  II,  III  and 
IV.  The  conposite  density  appears  to  be  directly 
proportional  to  the  fiber  length  with  the  long  fiber 
resulting  in  a  composite  density  of  0.14  g/cnr  (93% 
porosity)  and  the  short  fiber  resulting  in  an  increase  of 
composite  density  to  0.33  a/cm3  (84%  porosity). 

The  most  significant  fiber-length-induced  change  in 
properties  is  that  of  compressive  strength.  The  compressive 
strength  increased  from  0.38  MPa  for  the  long  fiber  composite 
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to  2.03  MPa  for  the  short  fiber  material,  representing  a 
change  of  more  than  500%.  This  behavior  is  significant  since 
the  dusting  characteristics  of  the  fibrous  composite  are  di¬ 
rectly  related  to  strength  and  structural  stability. 

The  composite  disks  fabricated  exhibited  a  surface  area 
of  310  m z/q  and  380  m2/g  for  the  long  and  short  fibers 
respectively.  This  change  is  attributed  to  the  inherently 
larger  surface  area  per  unit  volume  of  the  small  fiber  due 
to  the  larger  number  of  fibers. 


EFFECTS  OF  RESIN  CONTENT 

The  effect  of  resin  content  on  the  composite  properties 
was  evaluated  by  fabricating  disks  with  30,  35,  40,  and  50 
weight  percent  resin  and  the  remaining  material  being  long 
carbonized  rayon  fiber  (0.0635  cm).  This  resin  system  will 
lose  about  50  to  60%  of  its  original  weight  when  pyrolyzed 
at  temperatures  in  excess  of  700cC.  The  effects  cf  resin 
content  on  density,  strength  and  surface  area  are  plotted  in 
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Figure  II.  Effecc  of  carbonized  rayon  fiber  length  cn 

composite  density. 


]2l 


DENSITY  (g/cc) 


Figures  V,  VI,  and  VII.  As  expected,  the  density  and 
compressive  strength  of  the  composite  increase  with  resin 
content  while  the  total  porosity  decreases. 

The  effects  of  resin  content  on  surface  area  is 
significant  in  that  the  surface  area  of  the  disk  increased 
from  310  m 2/cj  to  460  m2/g  when  the  resin  content  was 
increased  from  30%  to  50%.  This  behavior  indicates  that  the 
phenolic  resin  used  in  this  process  can  be  more  easily 
activated  than  the  fibrous  carbon  material. 


EFFECTS  OF  MOLDING  PROCESS 

Preliminary  studies  on  fabrication  of  a  composite 
exhibiting  anisotropic  thermal  conductivities  were  conducted 
using  graphite  flakes  and  metallic  powders.  However  these 
studies  were  inconclusive  and  will  require  additional 
experimentation. 


Figure  V.  Effect  of  resin  content  on  composite  density. 
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EFFECTS  OF  COMPACTION  DURING  CURING 


High  density  carbon-carbon  composites  can  be  achieved 
by  mechanical  compaction  of  the  composite  after  pulp/vacuum 
molding  and  prior  tc  curing/drying.  Since  the  molding  tech¬ 
nique  is  not  changed, benefits  relating  to  fiber  orientation 
such  as  anistropic  thermal  conductivity  are  related.  Recent 
experiments  have  achieved  densities  as  high  as  0.7  g/crn2. 


COMPOSITE  CARBONIZATION/ ACTIVATION 

As  described  in  the  experimental  section,  the 
activation  techniques  used  in  this  study  consisted  of 
exposing  the  starting  fiber  and  carbon  composite  to  a 
controlled  oxidizing  atmosphere  at  a  temperature  cf  7CC cC. 
Experiments  were  designed  to  determine  the  optimum 
conditions  (temperature,  time  and  %C02)  for  activation  of 
the  composite  structures.  In  the  first  experiment, 
composite  specimens  were  fabricated  using  carbon  fibers 
obtained  from  a  rayon  precursor.  The  surface  area  cf  the 
fiber  used  was  0.7  5  m2/g.  The  composite  specimens  were 
fabricated  with  resin  contents  of  30%  and  50%  and  a  fiber 
length  cf  0.0635  cm.  The  activating  operation  was  performed 
at  7 o o:c  for  a  period  of  3,  6,  and  9  hours  in  an  atmosphere 
cf  3%  C02  in  argon.  The  surface  area  values,  which  are 
reported  in  Table  I,  increased  from  310  m2/g  to  807  mV9  for 
composites  having  30%  resin  and  exposed  for  3  hours  and  S 
hours  respectively. 

Scanning  Electron  Microscopy  (SEM)  photomicrographs  of 
several  specimens  were  obtained  which  revealed  the 
m.acrostructure  of  the  composite  as  well  as  the  rough, 
crater-like  surface  formed  during  the  activation  cycle. 

The  composite  specimens  containing  50%  resin  and 
activated  in  the  same  run  exhibited  surface  area  values  of 
4  50  m2/'g  and  911  m2/g  when  exposed  for  3  hours  and  9  hours 
respectively.  The  results  of  this  experiment  reveal  that 
the  composites  fabricated  with  50%  resin  exhibit  larger 
surface  area  values.  This  is  an  indication  that  the 
phenolic  resin  is  more  easily  activated  than  the  carbon 
f iber . 

Also,  higher  surface  area  values  were  obtained  by 
increasing  the  exposure  time  from  3  hours  to  16  hours. 
However,  the  increase  in  surface  area  does  not  appear  to  be 
a  linear  function  of  exposure  time. 

A  second  experiment  consisted  of  exposing  samples  cf 
carbon  fiber  obtained  from  rayon  and  untreated  rayon  fiber 


Table  I.  Surface  Activation  Parameters 


Fiber  Length 

%Resin 

Temp . 

%co, 

Time  Surface  Area 

(cm) 

(%) 

(°C) 

(%) 

(hrs) 

(m/g) 

0 . 0635 

30 

700 

3 

3 

310 

0.0635 

30 

700 

3 

6 

510 

0.0635 

30 

700 

3 

9 

607 

0.0635 

50 

700 

3 

3 

450 

0.0635 

50 

700 

3 

6 

600 

0 . 0635 

50 

700 

3 

9 

511 

to  7 00°C  and  3%  CO,  for  S  hours.  The  surface  area^  of  the 
previously  carbonized  fiber  increased  from  1.19  m2/g  to  621 
rrr/g  while  the  surface  area  of  the  rayon  fiber  carbonized  and 
activated  simultaneously  increased  from  <1  m2/g  to  775  m2/g. 
Thus,  it  appears  that  higher  surface  area  values  are  obtained 
when  the  rayon  precursor  is  carbonized  and  activated  simulta¬ 
neously  . 

A  third  experiment  conducted  consisted  of  fabricating  a 
composite  specimen  using  high  surface  area  fiber  (775  mV 9) 
and  30%  resin.  The  composite  was  exposed  to  700 °C  and  3% 

C02  for  9  hours.  The  surface  area  exhibited  by  this 
composite  was  S22  m2/g,  and  increase  of  about  6%  over  the 
composite  fabricated  with  low  surface  area  fiber.  It 
appears  that  the  phenolic  resin  flows  and  forms  a  coating 
which  covers  some  of  the  high  surface  area  of  the  starting 
fiber  material . 

Several  chemical  treatments  of  precursor  material 
(rayon  and  cotton  fiber)  prior  to  carbonization  have  been 
tried,  but  the  results  have,  so  far,  been  inconclusive. 
Further  study  is  being  conducted  in  that  area. 

Although  activation  of  the  carbon  fiber  prior  to 
composite  molding  will  increase  the  surface  area  of  the 
final  composite,  it  may  also  decrease  fiber  strength.  Also, 
activation  of  the  carbon  fiber  prior  to  composite  molding, 
using  current  activation  techniaues,  has  less  effect  on 
final  surface  area  than  activation  of  the  composite  during 
final  carbonization.  Thus,  greater  increases  in  composite 
surface  area  are  currently  achieved  by  activation  during  the 
final  carbonization  rather  than  by  activation  of  the  carbon 
f iber . 
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The  surface  area  currently  achieved  by  the  carbon 
bonded  carbon  fiber  composites  made  with  fiber  originating 
from  a  cotton  precursor  and  carbonized  in  an  atmosphere  of 
nitrogen  and  carbon  dioxide  while  at  temperatures  in  excess 
of  700°C  is  between  400  and  500  m2/g  (as  compared  to  <10  m2/g 
for  composites  carbonized  in  a  nitrogen-only  atmosphere) . 
The  highest  surface  areas  achieved  using  a  cotton  fiber 
precursor  were  with  a  50%  N2/ 50%  C02  carbonization 
atmosphere.  Higher  surface  areas  might  be  achieved  with 
higher  oxygen  concentrations,  but  it  becomes  harder  to 
prevent  serious  degradation  or  combustion  of  the  composite 
under  such  conditions. 


CONCLUSIONS 

The  activated  carbon-carbon  composite  media  developed 
possess  high  surface  area,  high  density,  structural  strength, 
low  dusting  characteristics  and  a  low  affinity  for  water. 


The  activated  carbon  composite  potentially  can  be  used 
in  cryogenic  applications  such  as  adsorption  compressors, 
getters,  devars,  liquid  transfer  lines,  anti-slosh 
containers,  superconductor  housings,  liquid  transfer  in 
space,  and  liquid  cryogen  containment. 
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ABSTRACT 

The  ongoing  research  effort  at  JPL  to  understand  and  confirm  the  reliability  of 
praseodymium-cenum-oxide  and  Saran  carbon  sorbents  for  use  in  long-life  65  K. 
spacecraft  cyrocoolers  is  described.  At  the  system  level,  a  laboratory  PCO/02 
compressor  system  that  began  operation  in  March  1989  has  now  logged  a  total  of 
12,000  hours  of  operation  with  no  signs  of  degradation.  Similarly,  a  Saran 
carbon/krypton  compressor  system  has  logged  a  total  of  2000  hours.  At  the 
component  level,  a  detailed  investigation  is  underway  to  measure  any  possible 
chemical  interactions  between  the  sorbents,  sorbates,  and  container  materials,  and  any 
possible  physical  changes  that  might  alter  the  heat  and  mass  transfer  properties  of  the 
compressor.  A  specially  fabricated  sorbent/ sorbate  test  cell  is  used  to  precisely 
measure  the  pressure  response  to  programmed  temperature  cycling,  and  both 
gravimetric  and  volumetric  techniques  are  used  to  periodically  monitor  sorption 
isotherms  as  the  materials  undergo  life  testing. 

INTRODUCTION 

Reliability  physics  investigations  are  an  important  element  of  an  ongoing 
research  effort  at  JPL  to  develop  and  demonstrate  65  K  sorption  cooler  technology  as 
a  viable  low-vibration  alternative  to  long-life  mechanical  Stirling  coolers.  The  goal  of 
the  reliability  physics  program  is  to  establish  the  technology  base  required  to  design 
sorption  coolers  that  can  operate  reliably  in  space  for  10  years  or  more.  Developing 
a  detailed  understanding  of  the  important  failure  mechanisms  governing  cooler  life 
will  enable  identification  of  operating  constraints,  design  enhancements  and  other 
means  of  eliminating  the  failure  mechanisms. 


Sorption  coolers  have  the  potential  for  long  life  due  to  the  use  of  solid-state 
sorption  compressors  in  place  of  moving  mechanical  parts.  Achieving  and 
demonstrating  this  long-life  potential  requires  a  thorough  test  and  evaluation 
program  at  both  the  materials  and  component  level  to  understand  the 
fundamental  reliability  physics  of  the  sorbent  materials  themselves,  and  at  the 
cryocooler  compressor  level  to  understand  any  system-level  synergisms  that  might 
adversely  affect  long-term  sorbent  performance.  The  status,  progress  and  plans  of 
this  sorbent  test  and  evaluation  program  are  the  subject  of  this  paper.  Reference 
1  describes  related  work  being  performed  at  JPL  in  the  area  of  reliability  of  high- 
temperature  sorption  compressor  components  such  as  electrical  heaters  and 
sorbent  container  materials. 

The  overall  design  of  the  65  K  sorption  cooler  system  is  briefly  reviewed  in 
the  following  section.  Next,  the  sorption  compressor  system-level  performance 
testing  and  life  testing  is  described,  followed  by  a  discussion  of  the  sorbent 
characterization  and  reliability  testing.  Finally,  conclusions  regarding  the 
prospects  for  achieving  ten-year  life  for  sorption  coolers  are  discussed. 


65  K  SORPTION  COOLER  SYSTEM  DESIGN 

The  basic  principle  behind  sorption  refrigeration  is  the  temperature- 
dependent  physical  or  chemical  sorption  of  a  gas  by  a  solid  micro-porous  sorbent 
material  such  as  charcoal.  As  the  sorbent  is  sequentially  heated  and  cooled,  the 
gas  is  alternately  exhausted  from  the  sorbent  at  high  pressure,  or  resorbed  at  low 
pressure,  respectively.  In  a  sorption  refrigerator,  the  sorbent  material  is  contained 
in  a  number  of  compressor  canisters  that  are  alternately  heated  and  cooled  over  a 
temperature  cycling  range  on  the  order  of  300° C.  The  range  of  operating 
temperatures  varies  for  different  sorbent/gas  systems,  but  is  typically  between 
approximately  room  temperature  and  600  °C. 2  By  ganging  multiple  compressor 
elements  together  with  check  valves,  a  steady  stream  of  refrigerant  gas  can  be 
provided  to  a  conventional  Joule-Thomson  ( J-T)  refrigeration  expansion  stage. 

To  achieve  reasonable  efficiencies  wntn  sorption  coolers  nelow  100  K 
requires  the  cascading  of  multiple  J-T  sorption  stages.  The  '  ee-stage  sorption 
cooler  system  shown  in  Fig.  1  is  used  to  achieve  temperatu^.s  between  65  and  90 
K.z  The  system  consists  of  a  65  to  90  K  prasf*odymium-cerium-oxide/oxygen 
(Prr.  32Ce0  c8Ox.  or  "PCO/02")  chemisorption  lower  stage,  a  120  to  140  K  Saran 
carbon/krypton  (C/Kr)  physisorption  intermediate  stage,  and  a  165  to  200  K 
Saran  carbon/xenon  (C/Xe)  physisorption  upper  stage. 

To  further  improve  efficiency,  the  waste  heat  rejected  by  the  hot 
compressors  can  be  used  to  raise  the  temperature  of  the  coid  compressors  by 
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Figure  1.  Three-stage  65  to  90  K  sorption  cryocooler. 


incorporating  various  heat  regeneration  techniques.2 1  By  using  these  heat 
regeneration  techniques,  the  projected  efficiencies  and  weights  of  65  K  sorption 
coolers  are  comparable  to  that  for  long-life  Stirling  coolers.2 

SYSTEM-LEVEL  SORPTION  COMPRESSOR  TESTING 

The  two  main  goals  of  the  system-level  sorption  compressor  tests  are  to: 

(1)  understand  performance  characteristics  of  soipiion  compressor  systems  by 
quantifying  performance  sensitivity  to  critical  operating  parameters,  and  (2) 
identify  long-term  degradation  trends  or  failure  mechanisms  for  sorbents,  as  well 
as  for  sorbent  container  materials,  heaters,  check  valves,  and  solenoid  valves 
operating  together  and  interacting  in  an  integrated  system. 

To  perform  the  system-level  sorption  compressor  tests.  two  laboratory 
breadboard  systems  have  been  constructed.  Origin. n\,  tin  laboratory  systems 
operated  in  tandem  as  an  integrated  two-stage  sorption  -.'oo'm,  consisting  of  an 
80  K  PC0/02  refrigeration  stage  precooled  by  a  140  K  C/ki  stage,'4  as  shown  in 
Fig.  2.  Instead  of  an  upper  C/Xe  stage,  a  200  K.  thermoelectric  cooler  was  used 


Figure  2.  JPF  laboratory'  breadboard  two-stage  sorption  cryocooler. 


to  precool  the  C/Kr  stage.  Compressor  heat  regeneration  techniques  were  not 
used,  and  the  compressor  designs  utilized  gas-gap  thermal  switches  to  control  the 
heat  flows.  The  integrated  system  successfully  demonstrated  1/3  W  of  cooling  at 
80  K,  and  operated  at  temperatures  as  low  as  72  k.’ 

Subsequent  to  the  above  feasibility  tests,  the  system  was  recontigured  and 
upgraded  for  independent  continuous  life  testing  o!  the  two  l’C  0/0,  compressors 
in  March  Idgh,  and  the  four  C/Kr  compressors  in  December  ONd.  T  he  upgrades 
included  the  incorporation  of  various  1  a i  1  -sal e  hardware  mechanisms  and  control 
software  to  enable  continuous  unattended  operation.  I  he  vacuum  dewar  was  also 
eliminated  and  the  cryogenic  J-l  valves  were  replaced  by  mom-temperature 
throttling  valves. 


For  the  performance  characterization  phase,  the  l’CO/O,  compressor  system 
was  operated  with  \arious  heater  input  powers,  cycle  times,  compressor  maximum 
and  minimum  temperatures,  and  tlow  rates.  Varying  these  parameters  caused  the 
equilibrium  levels  of  the  high  and  low  system  pressures  to  change.  1  he 


characterization  test  icsults  are  summarized  in  Fig.  3.  which  lelatcs  the 
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rate  to  the  system  pressure  difference  that  was  produced.  The  I  low  rate  was  set 
by  adjusting  the  throttling  valve.  Note  dial  for  any  given  heater  power  level, 
increasing  the  flow  rate  causes  a  reduction  in  the  pressure  ditterence.  1  or  any 
eiven  How  rate  and  high  and  low  opciating  pressures,  the  projected  J-l  cooling 
power  and  reirigeration  temperature  can  he  easily  computed.’  I  luis,  the 
compressor  system  oerlormance  data  can  he  related  directly  to  projected 


refrigerator  performance. 
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Figure  3.  Comparison  of  laboratory  PCO/O,  system  pressure  difference  vs.  flow 
rate  relationship  after  1  year  of  operation. 

Also  shown  in  Fig.  3  are  data  for  the  nominal  life  test  conditions  repeated 
after  one  year  of  operation  for  the  PCO/O;,  compressors.  The  data  indicates  that 
the  identical  pressures  and  flow  rates  were  produced.  The  nominal  test  conditions 
are  a  high  and  low  pressure  of  275  psia  and  6  psia,  a  high  and  low  temperature  of 
923  K  and  545  K,  a  heater  input  power  of  100  W,  and  a  cycle  time  of  26  minutes. 

Figure  4  shows  temperature  and  pressure  cycle  data  for  one  of  the  PC0/0; 
compressors  operating  under  the  nominal  test  conditions  described  above.  As  in 
Fig.  3,  the  superimposed  cycles  clearly  indicate  no  significant  change  in 
performance  (i.e.  identical  temperatures  and  pressures)  after  one  year  of 
operation. 

As  of  September  10,  1990,  each  PCO/O,  compressor  has  accrued  over 
12,000  hours  and  26.500  cycles  without  any  signs  of  degradation.  Note  that  the 
test  compressors  nominally  operate  at  maximum  pressures  and  temperatures  that 
are  about  100  psia  and  150  K  greater  than  the  65  K  flight  cooler  design 
conditions.  Thus,  the  life  testing  subjects  the  laboratory  compressors  to 
significantly  greater  stress  conditions  than  expected  for  flight  compressors. 


Pressure  Difference  (10  Pa) 


Figure  4.  Comparison  of  laboratory  PC0/02  compressor  temperature  and 
pressure  cycles  after  1  year  of  continuous  operation. 


The  C/Kr  compressors  are  presently  in  the  performance  characterization  test 
phase.  Curves  similar  to  those  in  Fig.  3  are  being  generated  for  various  heater 
input  powers,  cycle  times,  and  compressor  temperature  and  pressure  levels. 

One  of  the  compressors  in  the  C/Kr  system  developed  a  leak  through  the 
Inconel  container  wall  after  about  800  hours  of  testing.  Chemical  analysis 
revealed  the  leak  to  have  been  caused  by  corrosion  due  to  the  presence  of 
hydrogen  chloride  (HC1).  The  presence  of  HCI  is  due  to  the  incomplete  pyrolysis 
of  the  polyvinylidenc  chloride  (PVDC),  which  is  the  starting  material  in  the 
production  of  Saran  carbon.  Elemental  analysis  of  the  Saran  carbon  samples  used 
in  the  compressors  indicated  2.1  to  2.0%  residual  chlorine  present  in  the  original 
samples.  Prior  to  initial  operation  of  the  system  in  1988,  the  Saran  carbon  in 
three  of  the  four  compressors  was  reprocessed  by  dehydrochlorination  with  a 
700nC  bakeoul  for  four  days  and  a  subsequent  900°C  bakcout  for  two  additional 
days,  with  a  dry  nitrogen  purge.  Elemental  analysis  of  the  reprocessed  samples 
indicated  the  level  of  chlorine  to  be  reduced  to  0.13%,  which  is  an  order  of 
magnitude  less  than  the  original  chlorine  content. 

However,  the  Saran  carbon  in  the  fourth  compressor  was  never  reprocessed, 
and  thus  still  contained  over  2%  chlorine.  Therefore,  development  of  a  leak 
caused  by  HCI  corrosion  in  that  compressor  was  not  surprising.  The  faulty 
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compressor  has  since  been  removed  from  the  system.  However,  the  plumbing 
lines  in  the  rest  of  the  system  have  not  been  cleaned  to  remove  any  residual 
chlorine  that  may  still  be  present.  Nevertheless,  the  remaining  three  compressors 
continue  to  operate  successfully  and  have  accrued  over  2000  hours  of  operation  as 
of  September  30,  1990. 

It  is  important  to  note  that  the  Saran  carbon  presently  being  produced  at 
JPL  is  processed  at  1000°C,  with  a  resulting  final  chlorine  content  of  less  than 
0.02%. 5  This  is  two  orders  of  magnitude  lower  than  the  chlorine  content  of  the 
Saran  carbon  originally  used  in  the  C/Kr  laboratory  compressor  system.  Further 
separate  testing  of  the  new  JPL-produced  Saran  carbci  samples  is  planned  to 
verify  that  no  significant  quantity  of  chlorine  is  evolved  when  the  samples  are 
cycled  between  the  expected  flight  compressor  temperatures,  and  to  verify  that  no 
significant  corrosion  is  caused  by  any  evolved  trace  quantities  of  chlorine.  In 
conjunction  with  continued  life  testing  of  the  remaining  laboratory  C/Kr 
compressors,  which  contain  Saran  carbon  with  about  0.13%  chlorine,  these 
separate  tests  with  the  JPL  Saran  carbon  should  help  to  completely  resolve  the 
HC1  corrosion  issue. 

Although  no  performance  degradation  of  the  PCO/02  and  C/Kr  compressor 
systems  has  been  detected,  one  of  each  compressor  type  will  be  removed, 
disassembled,  and  analyzed  in  depth  to  study  any  changes  that  may  indicate 
internal  degradation  or  design  weaknesses  that  need  to  be  corrected  for  a  flight 
design.  In  addition,  a  high-precision  mass  spectrometer  (UT1  ISS-25A  Intelligent 
Sampling  System)  facility  has  been  established  to  periodically  analyze  gas  samples 
from  the  remaining  PCO/Oz  and  C/Kr  compressors.  This  mass  spectrometer  is 
particularly  suited  to  analyze  trace  quantities  of  contaminant  gases  in  oxygen. 

SORBENT  CHARACTERIZATION  AND  RELIABILITY  TESTING 

The  primary  goals  of  the  sorbent  characterization  and  reliability  testing  are 
to:  (1)  understand  critical  sorption,  kinetic,  pressure  drop  and  mass  flow 
performance  characteristics  of  sorbent  beds  and  materials,  (2)  to  understand 
parameters  controlling  sorbent  reliability,  and  (3)  to  develop  test  methods  to 
demonstrate  5  to  10  year  life.  The  approach  includes  developing  small  sorbent 
test  cells  to  be  used  for  cycling  PCO/Oz,  C/Kr  and  C/Xe  sorbent  beds,  and 
developing  techniques  to  measure  selected  sorption  isotherms  in  order  to  evaluate 
possible  changes  in  sorption  capability  after  prolonged  cycling. 


SORBENT  RELIABILITY  TESTING 


While  the  ongoing  compressor  system  testing  provides  useful  sorbent 
degradation  information,  and  the  12,000  hours  of  accrued  PC0/02  compressor 
life  without  degradation  is  encouraging,  the  slow  cycle  time  of  about  30  minutes 
makes  prediction  of  long-term  behavior  very  difficult.  Therefore,  a  separate 
accelerated  sorbent  life-test  program  was  planned  in  which  several  small  sorbent 
reliability  test  cell  (SRTC)  canisters  filled  with  PCO  and  carbon  sorbents  are 
subjected  to  repeated  temperature  and  pressure  cycling.  By  continuously 
monitoring  temperature,  pressure,  and  concentration  data,  any  signs  of 
degradation  should  become  evident.  If  performance  degradation  occurs, 
understanding  its  cause  may  identify  operating  constraints  or  enable  a  remedy  to 
be  incorporated  into  the  design. 

Degraded  performance  may  be  due  to  reduced  sorption  capability,  corrosion 
reactions  that  may  occur  between  the  sorbent  and  the  compressor  wall  and/or 
heater  sheath,  other  chemical  reactions,  or  a  change  in  the  heat  and/or  mass 
transfer  characteristics  of  the  compressor.  For  example,  if  after  repeated  cycling  a 
gap  forms  between  the  sorbent  and  container  wall,  the  heat  and  mass  transfer 
characteristics  may  be  altered.  Cycling  may  also  cause  the  sorbent  to  break  up 
into  smaller  particles,  thus  reducing  the  effective  thermal  conductivity  and  possibly 
changing  the  mass  transfer  characteristics  of  the  sorbent  bed.  To  study  these 
effects,  the  canisters  are  constructed  from  the  actual  Inconel  alloy  flight 
compressor  wall  materials,  and  have  been  instrumented  to  monitor  radial 
temperature  gradients.  The  SRTC  design  can  accommodate  various  heating 
configurations.  The  current  samples  are  being  heated  from  the  outside  wall  with 
a  tube  furnace,  while  future  samples  may  include  a  central  embedded  heater,  thus 
simulating  the  heat  transfer  processes  of  various  candidate  compressor 
configurations.  The  SRTC  will  also  allow  study  of  sorbent  kinetics,  mass  transfer 
and  pressure  drop  characteristics,  by  analyzing  the  effect  of  varying  cycle  time  on 
sorption  and  pressurization-depressurization. 

The  SRTC  apparatus  with  its  associated  plumbing,  plenum  chambers,  and 
transducers,  shown  in  Fig.  5,  w'as  designed  to  allow  precise  measurements  of  the 
gas  mass  introduced  into  the  cel!  by  monitoring  pressures  and  temperatures  at 
various  locations.  Testing  consists  of  several  phases,  and  is  focused  initially  on  the 
l’CO/02  system. 

The  first  phase  consisted  of  purposely  oxidizing  the  container  in  order  to 
form  an  oxide  scale  on  the  inner  walls  of  the  SRT  C.  After  assuring  that  the 
system  was  leak-tight  by  performing  a  thorough  helium  leak  check,  the  SRTC  was 
filled  with  13.1  x  102  kPa  (190  psia)  of  oxygen  and  maintained  at  a  temperature  of 
550°C  for  760  hours.  Oxidation  did  cause  a  measurable  decrease  in  pressure  over 


Figure  5.  Sorbent  Reliability  Test  Cell  (SRTC)  apparatus. 


time,  but  the  oxygen  mass  loss  of  12  mg  was  found  to  follow  a  highly  predictable 
function  of  pressure,  temperature  and  exposure  time.  This  predictability  is  critical 
because  it  is  important  to  be  able  to  ascribe  any  mass  loss  during  the  SRTC  life 
test  phase  to  either  degradation  or  simply  oxide  formation.  It  is  also  important  so 
that  any  predicted  mass  loss  due  to  oxidation  in  a  flight  compressor  system  can  be 
accommodated  by  pre-oxidizing  the  compressor  metallic  elements  and  by  carrying 
a  small  quantity  of  excess  oxygen  to  replace  any  lost  during  the  mission. 

The  next  phase  consisted  of  filling  and  packing  the  SRTC  with  PCO  to  a 
density  of  4.2  g/cm’  using  a  specially  fabricated  press  fixture.  The  sorbent  cell 
was  then  reinstalled  into  the  SRTC  test  apparatus  and  a  known  mass  of  oxygen 
was  introduced.  Next,  the  cell  temperature  was  cycled  between  280°C  and  5 5 ()''(' 
by  passing  a  constant  temperature  tube  furnace  back-and-forth  over  the  SRTC. 
The  sorption-desorption  driven  In  the  thermal  cycling  caused  a  pressure  rise  from 
0.021  x  1()2  kPa  (0.3  psia)  to  1  \.<x  102  kPa  (lf»7*psia). 

Figure  (>  shows  pressure,  concentration,  and  internal  and  case  temperature 
data  for  two  cycles.  The  time  lag  between  the  internal  and  case  temperatures  is 
due  to  the  relatively  poor  thermal  conductivity  of  PCO.  Note  the  change  in  slope 
of  the  temperature  profiles  during  the  healing  phase.  T  his  occurs  when  the  PCO 
becomes  mostly  depleted  of  oxygen,  after  which  the  energy  required  to  desorb 
additional  oxygen  is  reduced,  allowing  the  temperature  to  rise  more  rapidly.  The 
preliminary  temperature/pressme  cycling  phase  has  now  been  completed. 
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Figure  6.  SRTC  PCO/02  temperature,  pressure  and  concentration  data  for  two 
cycles. 


The  current  test  phase  is  focused  on  measuring  selected  equilibrium 
isotherms  at  various  temperatures,  pressures,  and  oxygen  loadings,  and  comparing 
the  results  with  transient  isotherm  measurements  in  order  to  fully  characterize 
transient  effects. 

Prior  to  the  final  life-test  phase,  a  separate  SRTC  experiment  will  be 
performed  to  characterize  oxygen  permeation  capability  through  the  PCO  bed.  If 
the  pressure  drop  through  the  sorbent  bed  is  too  great,  it  may  not  be  possible  to 
maintain  a  low  pressure  of  0.021  x  10"  kPa  (0.3  psia)  while  introducing  the  desired 
flow  rate  of  oxygen  to  the  cell.  If  this  is  indeed  the  case,  it  may  be  difficult  to 
obtain  a  refrigeration  temperature  of  65  K  for  a  sorption  cooler  with  a  similar 
PCO  bed  geometry  and  packing  density.  If  pressure  drop  proves  to  be  a  problem 
with  the  initial  SRTC,  subsequent  testing  with  various  sorbent  packing  densities 
and  oxygen  flow  distribution  hole  geometries  is  planned. 

Note  that  packing  density  affects  not  only  oxygen  permeation  and  pressure 
drop,  but  also  void  volume.  Minimizing  void  volume  by  increasing  the  packing 
density  is  important  in  order  to  improve  the  volumetric  efficiency  of  sorption 
compressors.6  However,  increasing  the  packing  density  also  increases  the  pressure 
drop  through  the  sorbent  bed.  The  SRTC  experiments  are  designed  to  improve 
understanding  of  these  trade-offs. 
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After  the  isotherm  and  permeation  experiments  are  completed,  the  life  test 
phase  will  be  initiated.  The  SRTC  will  be  thermal/pressure  cycled  and 
continuously  monitored  over  an  extended  period  and  analyzed  for  any  significant 
deviations  from  initial  benchmark  cycles  similar  to  those  in  Fig.  6.  If  degraded 
performance  is  noted,  its  cause  will  be  identified  by  conducting  various  diagnostic 
tests,  including  comparisons  to  the  initial  characterization  test  data,  analyzing  the 
gases  in  the  SRTC  with  the  mass  spectrometer  described  above,  and  comparing 
sorption  isotherms  of  pristine  and  aged  PCO  using  the  high-temperature  and  high- 
pressure  Cahn  microhalance  described  below  in  a  later  section. 

After  the  life-test  phase  for  the  first  SRTC  unit  is  initiated,  a  second  unit 
(which  is  already  built)  will  be  assembled  and  tested  using  Saran  carbon. 


SORBENT  CHARACTERIZATION  TESTING 

A  high-temperature,  high-pressure  Cahn  C-1100  Recording  MicroBalance 
facility  has  been  established  to  measure  sorption  capability  of  potential 
sorbate/sorbent  systems.  The  Cahn  microhalance,  shown  in  Fig.  7,  is  a  beam 
balance  that  gravimetrically  measures  the  amount  of  gas  physisorbed  or 
chemisorbed  by  a  known  quantity  of  sorbent. 


Figure  7. 


High-temperature  and  high-pressure  Cahn  microhalance  facility  for 
gravimetric  sorption  isotherm  characterization. 


The  initial  phase  of  testing  is  focused  on  the  PC0/O2  system  to  enable  the 
results  to  be  used  in  conjunction  with  the  SRTC  experiments  described  above.  To 
further  understand  the  effect  of  sorbent  packing  density  on  sorption-desorption 
capability,  isotherm  kinetics,  and  low-pressure  oxygen  permeation  through  the 
sorbent  bed,  several  Cahn  microbalance  experiments  with  various  sample  packing 
densities  and  flow  distribution  hole  geometries  are  planned. 

Future  experiments  are  planned  to  measure  selected  isotherm  points  for  JPL 
Saran  carbon/nitrogen.  The  results  will  be  compared  to  independent  volumetric 
adsorption  isotherm  measurements  at  the  National  Institute  of  Standards  and 
Technology  (NIST)  using  sorbent  samples  from  the  identical  lot.7  These 
comparisons  are  expected  to  give  further  confidence  in  the  gravimetric  technique. 


CONCLUSIONS 

The  ongoing  research  effort  at  JPL  to  understand  and  confirm  the  reliability 
of  praseodymium-cerium-oxide  and  Saran  carbon  sorbents  for  use  in  long-life 
65  K.  cyrocoolers  has  been  described.  Various  test  facilities  have  been  established 
and  collection  of  detailed  data  needed  to  design  reliable  long-life  sorption  coolers 
is  underway. 

At  the  system  level,  a  laboratory  PC0/02  compressor  system  has  now' 
accrued  over  12,000  hours  of  continuous  operation  with  no  signs  of  degradation. 
Similarly  a  Saran  C/Kr  compressor  system  has  logged  a  total  of  2000  hours. 

At  the  component  level,  a  specially  fabricated  sorbent/sorbate  test  cell  is 
being  used  to  perform  accelerated  life  testing  of  the  sorbent  materials.  The  initial 
characterization  phase  is  currently  underway  to  precisely  measure  the  pressure 
response  to  programmed  temperature  cycling,  and  to  understand  the  critical 
sorption,  kinetic,  pressure  drop  and  mass  flow  performance  characteristics  of  the 
PC0/02  bed.  Separate  Cahn  microbalancc  experiments  are  also  underway  to 
characterize  sorption-desorption  capability  and  sensitivity  to  sorbent  packing 
density  and  How  distribution  geometry. 

Combined  with  the  initial  results  of  separate  tests  of  high-tempera: urc 
compressor  components  such  as  heaters  and  container  materials,1  the  sorbent 
system-level  and  component-level  test  results  described  here  are  highly- 
encouraging  in  terms  of  demonstrating  ten-year  life  capability  for  sorption 
cryocoolers. 
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IS  THE  V-GROOVE  RADIATIVE  COOLER  OPTIMIZED? 
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ABSTRACT 

A  probabilistic  approach  to  radiative  heat  transfer  is  applied  to  the  V-groove 
radiative  cooler.  This  approach  allows  an  exact  formulation  of  the  relationship  between  the 
parasitic  heat  transfer  and  the  rejected  heat.  An  approximate  method  for  finding  effective 
emissivity,  e0,  of  the  V  as  a  function  of  the  angle  of,  <p,  of  the  V  is  developed.  From  these 
results,  it  is  shown  that  from  thermodynamic  considerations  the  V-groove  radiator  is  not 
optimized. 


INTRODUCTION 

The  V-groove  radiator  has  been  developed  as  a  high  performance  cry  ogenic  radiator 
for  spacecraft  'A  The  radiator  is  claimed  to  offer  significant  advantages  over  conventional 
radiators.  These  advantages  include  an  increased  cooling  capacity  and  the  ability  to  reach 
lower  temperatures.  Using  a  simple  model,  this  paper  analyzes  the  radiative  heat  transfer  of 
the  V-groove  radiator  and  concludes  that  the  radiator  is  not  optimized. 

A  sketch  of  a  V-groove  radiator  is  shown  in  figure  1.  The  parasitic  heat  le; ’ s  on  the 
radiator  cold  plate  are  intercepted  by  an  arrangement  of  lightweight,  low  emissivity,  highly 
specular,  reflective  radiation  shields.  These  shields  are  arranged  to  create  V-groove  cavities 
with  an  included  angle  of  1.5°.  The  shields  intercept  parasitic  loads  and  radiate  out  through 
the  mouths  of  the  V-grooves.  In  effect  each  opening  acts  like  a  radiator  in  a  multi-stage 
radiator.  There  is  also  radiative  heat  transfer  between  neighboring  shields. 

To  analyze  the  performance  of  the  V-grooves  we  will  use  a  simplified  model  of  a 
single  V-groove.  As  shown  in  fig.  2,  we  will  model  the  V-groove  as  a  right  pyramid  with 
three  hot  sides,  Th,  and  one  cold  side,  Tc.  The  angle  between  the  cold  side  and  the  opposite 
hot  side  is  <J).  The  base  is  open  and  has  dimensions  1  and  w  The  height  of  the  sides  is  h. 

ANALYTIC  MODEL 

Radiative  heat  transfer  involves  the  emission  and  absorption  of  photons.  If  the 
photons  are  confined  to  a  chamber  with  low  emissivity  walls,  then  the  photons  have  only  a 
small  probability  of  being  absorbed  when  they  strike  a  wall.  The  probability  is  e,  where  c  is 
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Fig.  2:  Model  of  single  V-groove  showing 
dimensions 


the  emissivity.  In  the  limit  of  e— »0,  A  photon  will  make  a  large  number  (~  1/e)  collisions 
before  it  is  absorbed.  This  results  in  near  uniform  density  of  photons  within  the  chamber 
and  the  probability  of  a  photon  being  absorbed  by  a  surface  of  area  A  is  proportional  to  eA. 
I.e.,  the  probability  of  a  photon  being  absorbed  by  A  is  independent  of  where  the  photon 
was  emitted. 


HEAT  BALANCE  WITHOUT  END  EFFECTS 

We  can  apply  this  approach  to  our  model  of  the  V-groove.  As  first  approximation, 
end  effects  will  be  ignored.  I.e.,  all  photons  are  confined  to  the  V-groove  and  none  are 
allowed  to  leave  the  opening.  This  is  the  same  as  covering  the  opening  with  a  perfect 
reflector  with  £<,=0.  Each  surface  emits  heat: 

Qx  =  <J£xAxTx  (1) 

A  fraction, /x,  is  absorbed  by  each  surface;  where 

/x  =  £xA*  /  (EcAc  +  EhAh  +  EoAo).  (2) 

In  the  case  at  hand,  both  the  hot  and  cold  surfaces  have  the  same  emisivities  (o=£c=£h)- 
Thus  f*=exAx/eA  (3) 

and  Q*  =  fxO£ATx.  (4) 

where  fx=exAx  /eA =/*£<; A t/eA,  A  =  Ac+Ah,  Ai=A+A0,  ec=(eA+e0A0)/Al.  When  £^,=0, 
/x=fx..  From  fig.  3  we  see  that  heat  emitted  by  the  cold  surface  and  the  incident  heat  on  the 
cold  surface  are,  respectively 

Qcc  =  fcEoAT^  (5) 

QC1  =  fceoA(fhTj  +  fcTc).  (6) 
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Fig.  3:  Diagram  of  radiative  heat  flow  in 
the  V-groove  when  end  effects  are 
ignored. 
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Combining  these  results  in  net  heat  load  on  the  cold  surface  of 

Qc  =  fcfhEoAOh  -  Tc)  (7) 

By  conservation  of  energy  Qh  -  -Qc.  (8) 

On  a  per  unit  area  basis,  only  fc  of  the  heat  flux,  q,  within  the  gap  is  absorbed  by  the  the 
cold  surface.  Thus  QCi=fc^q  and 

q  -  o(fhTh  +  fcTc)  {9) 


heat  BALANCE  with  end  effects 

In  this  section  the  effect  of  having  an  open  end  will  by  looked  at.  In  the  previous 
discussion  the  gap  was  closed  off  wnth  a  perfect  reflector.  From  (9),  the  heat  incident  on 
this  reflector  is  Q0=Aoq.  If  the  reflector  were  removed,  one  might  be  tempted  to  think  that 
Qo  is  the  heat  radiated  from  the  system.  This  is  not  so.  The  flow  of  heat  out  of  the  gap  is 
not  balanced  by  an  equal  flow  into  the  gap.  (We  are  assuming  that  the  radiator  is  radiating 
to  deep  space  and  that  the  heat  radiated  from  space  is  negligible.)  This  results  in  q  being 
reduced.  Instead  the  gap  acts  as  if  it  had  an  emissivity  of  sq,  and  only  a  fraction  these 
photons  are  radiated.  Thus  Q0=£oAoq=f0£Aq, 

The  effect  of  the  open  gap  on  the  heat  flows  is  shown  in  fig.  9.  The  net  heat  load  on 
the  cold  surface  is  now' 

Qc  =  fcfhE0A|(l-fo)Tj  -  ( 1  +f0fr)Tc )  0°) 

where  fr=fc/ftv  The  heat  radiated  out  is 

Qo  =  fo£CJA(fhT^  +  fcT^)  (11) 

and  by  conservation  of  energy  Qh  =  -  (Qc  +  Q0)  (12) 

Equations  (10)  and  (11)  can  be  rewritten  as 

Qt  =  eaAn[5hTj-6cT^]  (lOu) 
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hot 


Fig.  4:  Heat  flow  in  the  V-groove  diagram  with  end  effects.  Each  of  the 
flows  has  been  divided  by  eoA  for  simplicity. 


and  Q0  =  eoOAn(YhTh  +  7^)  (11a) 

where  An=hw,  8c=fcfh(1*+fofr)A/An>  5h=fcfh(l-foWAn,  Yc=fcAo/An.  Th^h-Ao/An  Writing 
(10a)  and  (l  la)  in  this  form  emphasizes  the  dcpcndance  of  Qc  on  e  and  Q0  on  e0.  The 
coefficients  yc  and 7h  depend  only  on  the  geometry  of  the  radiator.  While  5C  and  8|,  are 
functions  of  Eq  and  of  the  geometry. 

The  quantity  Eo  is  also  function  of  the  geometry.  To  study  its  dependance  on  0,  we 
will  look  at  the  case  when  h-w.  This  is  a  reasonable  assumption  in  that  the  radiators  that 
have  been  built  have  had  h=w  and  £0  is  not  a  strong  function  of  h/w.  It  is  not  easy  to 
calculate  Co-  Two  methods  of  estimating  it  are  compared  in  fig.  5.  The  first  is  Ciouffe’s 
method  developed  for  axisymeoic  cavities3.  The  second  method  is  to  estimate  the  number 
of  times  that  an  incoming  photon  beam  must  be  reflected  before  it  escapes  the  radiator.  The 
beam  is  attenuated  by  (1-e)  on  each  reflection  Integrating  over  all  angles  of 


incidence  yields 

f  n 

Co  =  1  -  J  (1-E)n  sinB  d9 

(13) 

where 

[ (n  -  29)/o  -  1  .  0  <  rc/2  -  $ 

n  “  11  ’  0  >  Jt/2  -  0 

(14) 
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Fig.  5:  The  emissivity,  Eq,  of  the  V-groove  as  a  function  of  gap  angle,  <5, 
for  various  values  of  £  calculated  using  two  different  methods. 


DISCUSSION 

In  designing  a  radiator  one  would  like  to  minimize  Qc  while  maximizing  Q0  for  a 
given  nominal  radiator  size,  An.  This  is  accomplished  by  minimizing  5h  while  maximizing 
Sc.  EoYc.  and  EoYh  These  quantities  are  shown  as  functions  of  0  in  fig.  6.  This  figure 
shows  that  EqYc  and  e^Yr,,  and  thus  Q0,  can  be  increased  by  about  50%  by  increasing  the 
angle  between  the  V-groove  from  1.5’  to  3-4’.  This  increase  comes  in  spite  of  c0 
decreasing  by  about  50%.  It  is  a  result  of  A0  increasing  and  of  the  changing  view  factors. 
More  importantly,  increasing  <J>  also  increases  5C  by  about  10%  and  decreases  5h  by  50%. 
This  decreases  Qc.  Thus  increasing  the  angle  of  the  V-groove  from  1.5’  to  3-4’  will 
significantly  improve  the  radiators  performance. 

Another  useful  comparison  is  between  the  V-groove  and  a  conventional  multistage 
radiator  with  the  same  dimensions.  Such  a  radiator  is  sketched  in  fig.  7.  If  both  of  the 
radiating  surfaces  ar  e  of  equal  area  and  have  an  emissivity  of  near  1 ,  then 

Qo  =  oAn  sin|  (Th  +  T^)  (1 5) 

Comparing  (15)  and  (1  la)  shows  that  for  all  but  the  very  smallest  angles  c&>»Q0.  Thi*  i>  a 
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Fig.  6:  Plot  of  6C,  5h,  EoYct  and  £oYi,.as  a  function  of  0.  The  solid  line  uses  the  reflection 
method  and  the  dashed  line  Gouffe’s  method  of  determining  £q.  They  all  use  £=0.02. 


result  of  the  low  emissivity  of  the  V-groove  (fig.  5).  For  small  angles  Yh~sin(0/2).  So  to  a 
good  approximation: 

Qo  ~  (  1/£q)Qo-  (16) 


Tnis  suggests  that  the  V-groove  radiator  performance  only  approaches  the 
multistage  performance  as  0— »0.  Furthermore,  the  gap  between  the  hot  and  cold  plates  of 
the  multistage  radiator  could  be  filled  with  multilayer  insulation  reducing  (£.  Thus,  G;<Qc 


Fig.  7:  Sketch  of  one  section  of  a  multistage 
radiator.  The  two  black  surfaces  radiate  to 
deep  space 
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CONCLUSION 


The  individual  V-grooves  in  a  V-gToove  radiator  have  a  peak  thermal  performance 
(maximal  heat  radiated  and  minimal  interstage  heat  transfer)  for  V’s  in  the  3-4'  range. 
However,  the  overall  thermal  performance  of  a  V-groove  radiator  is  inferior  to  a 
conventional  multistage  radiator.  The  performance  of  the  two  are  the  same  in  the  limit  of 
4>-»0. 

These  conclusions  are  based  on  an  analysis  that  only  considered  the  radiative  heat 
transfer.  When  other  considerations  are  included  (such  as  mass)  the  system  optimization 
may  come  to  a  different  conclusion. 


NOMENCLATURE 

A  surface  area 

f,  /  fraction  absorbed/emitted 
h  edge  of  V-groove 

1  length  of  gap 

Q.Q,  heat  flow 

q  heat  flux  in  gap 

w  width  of  V-groove 

e  emissivity 

o  Stefan-Boltzmann  constant 
=  5.67x10-8  Wm-2  K-4 
<t>  angle  between  surfaces 
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ABSTRACT 

The  use  of  active  i  ef r igerators  instead  of  or  in  combination  with  stored 
cryogens  in  spaceborne,  long-lifetime  cryogenic  instrument  systems  has 
been  recognized  for  some  time  as  being  inevitable.  The  successful  de¬ 
velopment  of  multi-year  lifetime,  space-compatible  refrigerator  tech¬ 
nology  has  allowed  this  vision  to  become  a  reality.  Three  NASA  develop¬ 
ment  contracts  which  involve  5-year  lifetime,  hybrid  stored 
cryogen/ref rigerator  systems  are  in  the  preliminary  design  stage.  These 
are  (1)  the  X-Ray  Spectrometer  (XRS) ,  an  Advanced  X-Ray  Astrophysics 
Facility  instrument,  (2)  the  Spectroscopy  of  the  Atmosphere  Using  Far 
Infrared  Emission  (SATIRE)  instrument  to  be  flown  on  the  Earth  Observing 
System  platform,  and  (3)  the  Near-Infrared  Camera  and  Multi-Object  Spec¬ 
trometer  ( NI CMOS) ,  a  second-generation  Hubble  Space  Telescope  instru¬ 
ment,  Within  the  given  mass  and  envelope  constraints,  the  cryogen  life¬ 
times  of  these  systems  are  increased  a  factor  of  2  to  10  with  proper  use 
of  refrigerators  that  are  either  space  qualified  or  in  an  advanced  stage 
of  development.  The  XRS  design  uses  single-stage,  split  Stirl ing-cycle 
coolers  with  a  superfluid  helium  dewar .  The  SAF1RE  also  uses  a  super¬ 
fluid  helium  dewar,  but  with  both  single-stage  and  two-stage,  split 
Stir  1 ing-cycl e  coolers  The  N1CM0S  uses  thermoelectric  coolers  with  a 
two-stage,  solid  ni trogen/carbon  dioxide  dewar.  We  discuss  the  pre¬ 
dicted  lifetime  improvements  provided  for  these  systems  by  refrigera¬ 
tors,  the  thermal  performance  trades  leading  to  the  chosen  system  de¬ 
signs,  the  dewar/ref rigerator  interface  issues,  and  the  performance  loss 
in  the  event  of  refrigerator  failures, 

INTRODUCTION 

Several  long- 1 i fetime ,  spaceborne  dewars  have  been  developed  and  flown 
in  support  of  orbiting  instrument  systems,  as  typified  by  the  superfluid 
helium  dewar  for  the  Cosmic  Background  Explorer  (CUBE)  .  These  systems 
have  achieved  cryogen  lifetimes  of  about  1  year  by  using  state-of-the- 
art  insulation,  tank  support  and  low-conductance  cabling  technology. 
Their  lifetime!!  have  also  been  enhanced  by  use  of  very  cold  vacuum  shell 
temperatures  (140  K  in  the  case  of  the  CUBE)  and  extensive  use  of  vapor 
cooling,  which  can  provide  more  than  a  factor  of  10  lifetime  improvement 
for  a  he  1  i urn  system . 


New  cryogenic  systems  are  being  planned  with  the  requirement  for  5-year 
operating  lifetime  in  orbit.  For  most  of  these  systems  the  mass  and  en¬ 
velope  constraints  and  the  inability  to  achieve  a  cold  vacuum  shell 
within  the  thermal  environment  mandate  use  of  refrigerators,  either  in 
hybrid  combination  with  stored  cryogens  or  alone.  There  are  reasons  why 
a  pure  refrigerator  approach  may  be  unsatisfactory  for  a  given  applica¬ 
tion,  including: 

(1)  For  a  very  low  operating  temperature  requirement,  say  4  K,  space- 
compatible  refrigerator  technology  is  simply  not  mature  enough; 
this  will  change  with  time, 

(2)  The  vibration  cf  a  mechanical  refrigerator  can  produce  unacceptable 
microphonic  disturbances  in  the  detector  readout  or  jitter  in  the 
optical  system.  In  some  cases  these  problems  can  be  overcome  by 
remote  mounting  and  vibration  isolation  of  the  refrigerators. 

(3)  The  temperature  stability  provided  by  a  large  cryogen  reservoir  may 
be  needed . 

(4)  The  power  available  may  be  insufficient  to  operate  the  necessary 
refrigerators . 

The  cryogen  loss  rate  from  a  dewar  can  potentially  be  lowered  consider¬ 
ably  by  coupling  the  dewar  to  a  refrigerator.  Therefore,  for  an 
extended- 1 i f etime  mission  the  cryogen  system  overall  mass  and  envelope 
might  be  considerably  reduced  by  a  hybrid  stored  cryogen/ref rigerator 
approach.  This  of  course  requires  more  power  consumption  than  a  purely 
passive  approach.  The  most  effective  use  of  ref rigerator (s)  and  the  in¬ 
terfacing  between  the  dewar  and  ref rigerator (s)  depend  on  many  things. 
Most  important  are  the  cryogen  (its  storage  temperature  and  vapor  cool¬ 
ing  potential),  the  heat  lift  profile  and  configuration  of  the  re¬ 
frigerator  (s)  ,  the  power  dissipation  (level  and  temperature)  produced  by 
the  instrument  inside  the  dewar,  and  the  allowable  vibration  level.  To 
be  effective,  the  refrigerator  must  lift  heat  from  a  spot  inside  the 
dewar  where  the  levels  of  heat  flow  are  very  small  compared  to  heat 
flows  outside  the  dewar.  System-level  requirements  and  interactions 
must  be  considered  in  choosing,  or  designing,  a  refrigerator  for  a  cer¬ 
tain  application.  A  given  refrigerator  might  be  quite  suitable  for  one 
application,  but  unacceptable  for  another. 

Several  space  science  missions  are  being  planned  which  will  use  hybrid 
stored  cryogen/ref rigerator  systems  for  sensor  cooling.  The  designs  and 
predicted  performance  of  three  of  these  are  the  topic  of  this  paper. 

They  are:  (1)  the  X-Ray  Spectrometer  (XRS)  of  the  Advanced  X-Ray  Astro¬ 
physics  Facility  (AXAF) ,  (2)  the  Spectroscopy  of  the  Atmosphere  Using 
Far  Infrared  Emission  (SAFIRE)  instrument  to  be  flown  on  the  Earth  Ob¬ 
serving  System  (EOS),  and  (3)  the  Near-Infrared  Camera  and  Multi-Object 
Spectrometer  (NIC.MOS)  ,  a  second-generation  Hubble  Space  Telescope  (UST) 
instrument.  Characteristics  of  these  cryogenic  systems  are  given  in 
Table  1.  The  XRS  cryogenic  subsystem  (CSS),  the  SAFIRE  instrument  and 
the  N1CM0S  instrument  are  in  the  preliminary  design  phase  at  Ball 
Aerospace  under  contract  to  the  NASA. 

The  high-performance  dewar  technology  developed  and  proven  on  previous 
programs  is  essential  to  achieving  5-year  lifetimes  for  these  hybrid 
systems  within  the  mass,  power  and  envelope  constraints.  Sophisticated 
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Table  1 

CHARACTERISTICS  OF  THE  CRYOGENIC 


SYSTEMS  FOR 

IRS,  SAFIRE 

AND  NICMOS 

SYSTEM 

TYPE  OF 
CRYOGEN 

TANK 

SIZE 

(liters) 

VACUUM  SHELL 
TEMPERATURE 

(K) 

TYPE(S)  OF 
REFRIGERATOR 

RESERVOIR 

TEMPERATURE 

(K) 

XRS 

He  II 

490 

250 

1-stage  split 
Stirling 

1.3 

SAFIRE 

He  II 

124 

300 

1 - stage  and 

2- stage  split 
Stirling 

1.9 

NICMOS 

n2/co2 

71/25 

270 

Thermoelectric 

58/130 

computer 

modeling 

tools  to  predict  dewar 

performance  for  th 

ese  types  of 

systems  have  been  developed  and  carefully  verified  by  ground  test  and 
flight  performance  data  .  These  analytic  tools  are  equally  applicable 
tc  hybrid  systems  and  help  provide  the  confidence  needed  for  their 
development . 

Refrigerator  reliability  is  a  concern  for  a  S-year  mission.  Appropriate 
levels  of  redundancy  must  be  considered  to  control  performance  risks. 

The  dewar  and  dewar; ref rigerator  interface  should  be  designed  to 
minimize  the  impact  of  a  failed  cooler,  so  that  one  failure  does  not  end 
the  mission.  Although  significant  advances  in  mechanical  cooler  tech¬ 
nology  have  occurred  during  the  last  decade,  a  space-compatible  mechani¬ 
cal  cooler  does  not  yet  have  a  demonstrated  lifetime  over  3  years.  Ab¬ 
breviated  testing  to  prove  extended  lifetime  is  unreliable.  The  most 
successful  mechanical  cooler  that  is  space  qualified  to  date  was  devel¬ 
oped  at  the  Oxford  University  and  uses  the  linear,  split  Stirl mg-cvcle 
approach  .  This  single-stage  machine  provides  about  0.8  W  cooling  at  a 
temperature  of  80  K,  depending  on  the  compressor  temperature.  In  addi¬ 
tion  a  two-stage  version  has  been  built  more  recently  using  the  same 
technology  that  provides  about  0.3  W  at  30  K6 .  The  XRS  and  SAFIRE  pro¬ 
grams  plan  to  use  mechanical  coolers  derived  from  the  Oxford  technology. 
The  NICMOS  program  is  baselining  solid-state  thermoelectric  coolers. 

These  three  systems  are  separately  discussed  in  the  following  sections. 
They  all  use  multilayer  insulation  and  tension  strap  tank  support  sys¬ 
tems  similar  to  those  proven  by  the  COBE  dewar  and  previous  flight  dew- 
srs  developed  by  Ball  Aerospace.  The  vapor-cooled  and  activelv-cooled 
shields  inside  the  dewar;  are  supported  from  and  cool  the  tank  support 
straps.  Heat  flows  through  all  conduction  and  radiation  paths  into  the 
dewar  are  reduced  by  vapor  cooling.  State-of-the-art  miniature  cables 
minimize  the  heat  leak  through  the  hundreds  of  wires  that  penetrate  the 
dewars  for  housekeeping  sensors,  mechanisms  control  ana  science  instru¬ 
ment  readout.  Emphasis  in  the  following  sections  is  on  the  overall 
architecture  of  the  hybrid  approach,  the  trades  from  which  it.  resulted, 


the  main  issues  regarding  dewar/refrigerator  interfacing,  the  nominal 
performance,  the  improvement  in  cryogen  lifetime  provided  by  the  re¬ 
frigerator  (s)  ,  and  the  impact  of  refrigerator  failures. 

Because  the  dewars  contain  complex  and  sensitive  instruments,  many  as¬ 
pects  of  performance  must  be  considered  with  regard  to  refrigerator  in¬ 
terfacing  and  operation  .  These  include: 

•  Vibration  control 

•  Electromagnetic  interference  control 

•  Efficiency  of  the  thermal  link 

•  Alignment  and  assembly 

•  Mechanical  flexibility  in  the  thermal  link 

•  Thermally  disconnecting  a  failed  refrigerator  (on  the  ground 
or  on  orbit) 

•  Removing  a  refrigerator  with  minimal  disturbance  to  the  dewar 

•  Operating  in  multiple  gravity  orientations  for  testing 
All  these  aspects  have  been  considered  in  the  designs  of  the  systems 
discussed  below. 


AXAF  X-RAY  SPECTROMETER  (XRS) 

The  XRS  is  one  of  the  instruments  to  be  flown  aboard  the  AXAF  scheduled 
for  launch  in  1998.  The  instrument  will  measure  incident  energy  over 
the  spectral  range  of  0.3  to  10  keV  with  a  resolution  of  10  cV  using 
bolometers  at  a  temperature  of  0.1  K.  The  bolometers  are  cooled  by  an 
adiabatic  demagnetization  refrigerator  (ADR)'. 

Table  2  summarizes  the  requirements  which  drive  the  XRS/CSS  design.  De¬ 
tailed  analyses  have  been  performed  to  arrive  at  the  current  design, 
which  meets  or  exceeds  all  requirements. 

BASELINE  DESIGN 

Figure  1  depicts  the  dewar  baseline  design.  A  490-liter  superfluid  he¬ 
lium  tank  provides  the  heat  sink  for  the  ADR.  Both  the  ADR  and  the  de¬ 
tectors  are  part  of  the  removable  cryogenic  assembly  (RCA) ,  which  is 
bolted  to  the  forward  end  of  the  cryogen  tank.  Once  installed  in  the 
dewar,  the  RCA  is  accessible  through  the  removable  aperture  assembly  at 
the  forward  end  of  the  dewar.  Surrounding  the  cryogen  tank  are  four 
vapor-cooled  shields  (VCSs)  which  make  effective  use  of  the  helium  vent 
gas  to  intercept  heat  at  various  levels  within  the  insulation  system. 

The  outermost  YCS  is  also  cooled  by  single-stage,  split  Stirling-cycle 
mechanical  refrigerators  through  a  flexible  cold  finger  attachment  to 
the  aluminum  shield. 

There  are  four  of  these  refrigerators,  based  on  the  Oxford  design,  which 
are  mounted  as  in-line  pairs  for  momentum  compensation  to  the  vacuum 
shell  forward  girth  ring.  The  displacer  cold  tips  are  contained  in  a 
separate  vacuum  space.  This  allows  replacement  without  disturbing  the 
dewar  vacuum  and  prevents  condensation  of  water  from  the  dewar  outer  in¬ 
sulation  blanket  on  the  cooler  cold  tip.  The  compressor  pairs  re 
mounted  on  separate  pallets  which  are  shock  mounted  to  the  forward  girth 
ring  to  minimize  vibration  transmission  to  the  dewar  and  RCA.  Beat  is 
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Table  2 

IRS/CSS  OPERATING  REQUIREMENTS 

ITEM 

REQUIREMENT 

PREDICTED 

value 

Bath  Temperature 

<1.5  K  Orbital  Operation 

1.29  K 

<1.9  K  Ground  Operation 

<1.6  K 

Bath  Temperature 

0.05  K  over  mission  duration 

0.04  K 

Stabi lity 

worst  case 

Cryogen  Lifetime 

4.5  years  with  10  percent 
analysis  margin 

>5  years 

Dewar  Lockup 

6  days  without  power 

9  days 

Vibration  at  RCA 

<0.001  g 

factor  of  6 
margin 

Power  Consumption 

<185  W  Total 

<184  W 

Main  Shell 

>243  K  Operational 

>249  K 

Temperature 

>233  K  Hold 

(limited  by  mechanical  coolers) 

>240  K 

rejected  from  the  coolers  by  a  combination  of  radiation  to  the  AXAF  cold 
shroud  and  conduction  to  the  dewar  main  shell,  which  is  also  cooled  by 
radiation  to  the  cold  shroud. 

A  single  cold  finger  provides  the  interface  between  a  pair  of  displacers 
and  the  outer  YCS .  Very  thin,  flexible  copper  strips  separated  by  in¬ 
dium  foil  spacers  are  used  to  connect  a  pair  of  displacer  cold  tips  to 
an  interface  block.  This  arrangement  provides  adequate  thermal  conduc¬ 
tance  while  preventing  side  loading  on  the  cold  tip  from  exceeding  sev¬ 
eral  ounces.  The  outer  VCS  is  connected  to  the  interface  Mock  with  a 
copper  rod.  A  combined  thermal  conductance  of  about  600  mW/K  is  needed 
in  the  flexible  link  and  copper  rod.  Thin-walled  fiberglass  tubes 
separate  the  displacer  chamber  from  the  dewar  vacuum.  Snubbers  mounted 
on  the  displacer  housings  limit  the  motion  of  the  cold  tips  during 
ground  handling  and  launch. 

SYSTEM  TRADES 

The  development  of  mechanical  refrigerators  for  space  application  has 
been  tracked  during  the  XRS/CSS  design  development.  At  present,  a 
refrigerator  that  could  provide  the  required  1.5  K  ADR  heat-sink 
temperature  has  not  been  developed,  mandating  the  use  of  superfluid  hel¬ 
ium.  Only  the  split  Stir  1 ing-cvcle  cooler  based  on  Oxford  technology  is 
currently  considered  mature  enough  for  the  XRS  schedule.  Still,  uncer¬ 
tainty  exists  regarding  the  operational  lifetime  of  these  coolers.  This 
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Fig.  1.  IRS  cryogenic  subsystem  design  layout. 

must  be  folded  tn.o  ~he  risk  assessment  of  achieving  the  mission  life¬ 
time  goal ,  and  choices  for  operating  the  coolers  must  be  made 
accordingly . 

The  current  baseline  uses  four  coolers.  With  all  four  coolers  operating 
the  power  thev  consume  (160  W)  just  meets  the  available  budget,  and  the 
predicted  helium  lifetime  is  6.5  years.  However,  because  the  5-vear 
lifetime  requirement  can  be  met  by  operating  only  a  single  cooler  pair, 
the  prudent  choice  is  to  reserve  a  pair  of  coolers,  thereby  increasing 
the  probability  of  meeting  the  requirement.  This  is  the  focus  of  the 
current  trade  study,  identifying  and  possibly  developing  other  cooler 
options  based  on  the  same  technology  which  will  maximize  lifetime 
without  introducing  further  risk  to  t.he  science  or  cost  to  the  system. 

An  example  is  the  two-stage,  Stirling-cycle  coder  which  is  currently  in 
development  for  use  m  the  SAFIRE  instrument  and  has  been  investigated 
as  an  option  for  the  XRS .  Such  a  cooler  has  the  potential  to  nearly 
double  the  helium  lifetime  for  the  XRS/CSS  when  used  in  combination  with 
a  single-stage  cooler  pair.  However,  the  power  budget  would  preclude 
the  redundancy  of  either  the  single-stage  or  two-stage  coolers.  The 
failure  of  a  two-stage  cooler  is  much  more  detrimental  to  the  helium 
lifetime,  and  the  result  is  an  increased  risk  in  achieving  a  5-year 
lifetime.  The  final  selection  as  to  the  size  and  quantity  of  coolers 
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will  be  based  on  continued  risk,  lifetime  and  cost  considerations 
System  Modeling  and  Performance 

A  24-node  thermal  network  model  of  the  XRS/CSS  is  used  to  predict  helium 
lifetime,  ground  hold  capability  and  transient  response  to  operations. 
Six  nodes  are  used  to  model  the  mechanical  coolers  interface  with  the 
dewar.  Cooling  at  the  displacer  cold  tip  is  modeled  as  a  negative  heat 
flow  using  linear  interpolation  tables  of  measured  performance  which 
characterize  the  cooling  capacity  based  on  cold  tip  temperature,  com¬ 
pressor  mount  temperature,  and  input  power. 

The  XRS/CSS  relies  heavily  on  both  vapor  cooling  (passive)  and  mechani¬ 
cal  cooling  (active)  to  meet  the  required  5-vear  orbital  lifetime  within 
both  mass  and  envelope  constraints.  Vapor  cooling  alcne  increases  the 
helium  lifetime  by  a  factor  of  25.  Another  factor  of  2  is  provided  by  a 
single  pair  of  coolers  using  just  half  the  allocated  power.  Table  3 
shows  lifetimes  for  the  baseline  dewar  design  with  the  various  degrees 
of  cooling.  It  is  easy  to  see  how  important  the  mechanical  coolers  are 
to  the  success  of  the  XRS  mission.  Therefore,  evaluating  the  effects  of 
cooler  failure  is  very  critical  to  the  dewar  design  and  the  cooler  oper¬ 
ating  strategy. 

The  baseline  dewar  design  uses  four  mechanical  coolers  operated  in  mom¬ 
entum-compensated  pairs  to  meet  vibration  requirements  of  the  system. 
Only  a  single  pair  of  coolers  will  be  operated  initially  to  attain  the 
highest  level  of  redundancy  in  the  system.  The  two  operating  coolers 
remove  about  1.8  W  of  heat  from  the  outer  VCS  at  a  temperature  of  80  K. 
The  non-operating  cooler  pair  adds  a  parasitic  heat  load  of  about  0.2  W 
to  the  outer  VCS,  depending  on  the  means  chosen  for  thermal  disconnect. 
The  failure  of  any  single  cooler  is  assumed  to  result  in  the  loss  of  a 
pair  because  of  the  vibration  requirement.  In  the  event  the  first 

Table  3 

XRS/CSS  LIFETIME  IMPROVEMENT  ACHIEVED  WITH  VAPOR 
COOLING  AND  ACTIVE  COOLING 


DEGREE  OF  DEWAR  COOLING  HELIUM  LIFETIME  (YEARS) 


None  0.083 

Vapor  cooling  only  2.2 

Vapor  cooling  plus 

2  coolers  at  80  W  power  5.6 

Vapor  cooling  plus 

4  coolers  at  160  W  power  6.5 
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cooler  pair  fails,  it  will  be  switched  off  and  the  reserve  pair  will  be 
switched  on.  This  operational  strategy  was  chosen  because  it  requires  a 
minimum  2.5-year  lifetime  from  each  cooler  pair  to  meet  the  5-year  hel¬ 
ium  lifetime  requirement.  Operating  all  four  coolers  from  the  start 
would  require  at  least  a  4-year  lifetime  from  one  pair  of  coolers.  The 
nominal  predicted  helium  lifetime  is  5.1  years  using  the  reserve  cooler 
operational  strategy  and  assuming  the  first  cooler  pair  fails  2  years 
after  launch  and  the  reserve  pair  operates  for  another  3  years. 

If  all  four  coolers  fail  at  launch,  lifetime  is  reduced  to  about  2 
years.  However,  in  this  event  the  helium  reservoir  temperature  still 
meets  the  temperature  requirement  of  <1.5  K  so  that  instrument  operation 
can  continue.  The  use  of  an  active  thermal  switch  can  reduce  the  heat 
load  to  the  dewar  resulting  from  a  non-operating  cooler.  Two  types  of 
switches  are  candidates  for  use  in  connecting  the  mechanical  coolers  to 
the  dewar.  One  type  involves  metal -to-metal  contact  making  use  of  dif¬ 
ferential  expansion  between  materials,  and  the  other  employs  gaseous 
conduction  across  a  narrow  gap.  Both  would  require  further  development 
work  for  application  to  the  XRS/CSS.  A  trade  study  is  underway  to  weigh 
benefits  and  risks  of  incorporating  active  thermal  switches  in  the 
design.  Preliminary  thermal  modeling  results  indicate  that  a  thermal 
switch  with  a  closed  conductance  of  500  mW/K  and  a  switching  ratio  of 
1000  can  increase  the  helium  lifetime  7  percent. 

The  compressors  operate  about  20  K  warmer  than  the  vacuum  shell,  or 
270  K  on  the  average.  Lifetime  is  increased  by  lower  vacuum  shell  tem¬ 
perature  because  parasitic  heating  into  the  dewar  is  decreased  and  by 
lower  mechanical  cooler  temperature  because  the  coolers  become  more  ef¬ 
ficient.  The  combined  effect  results  in  0.7  percent  lifetime  change  for 
each  degree  Kelvin  temperature  change.  It  is  therefore  important  to 
operate  both  items  as  cold  as  possible.  However,  temperatures  of  the 
two  are  interdependent,  and  the  minimum  temperature  of  the  mechanical 
coolers  is  limited  by  its  allowable  range  for  operation  and  startup. 

It  is  necessary  that  the  helium  be  in  the  superfluid  state  to  ensure 
proper  function  of  the  porous  plug  phase  separator  when  the  vent  valve 
is  opened  on  orbit.  The  lock-up  capability  is  aefined  as  the  time  it 
takes  for  the  superfluid  helium  reservoir  temperature  to  rise  to  the 
lambda  point  following  the  final  prelaunch  topoff  and  pumpdown.  Power 
is  not  available  to  the  CSS  during  this  period,  which  is  nominally  5 
days  prior  to  launch  and  1  day  following.  The  predicted  capability  is  9 
days  without  powering  the  mechanical  coolers.  It  can  be  extended  to 
about  5  months  by  powering  one  pair. 

EOS  SPECTROSCOPY  OF  THE  ATMOSPHERE  USING  FAR  INFRARED  EMISSION  (SAFIRE) 

The  SAFIRE  instrument  is  one  of  a  suite  of  instruments  proposed  for  the 
second  NASA  Eos  polar  orbiting  platform.  By  obtaining  Earth  limb  emis¬ 
sion  data  in  both  the  mid -infrared  (6  to  17  /rm)  and  far-infrared  (25  to 
35,  62  to  125  /rm)  spectral  regions,  SAFIRE  will  provide  information  on 
diurnal  and  temporal  variations  of  observed  gases  that  is  necessary  for 
the  understanding  cf  issues  regarding  middle  atr  spheric  ozor.e  chem¬ 
istry.  SAFIRE  must  cool  its  far-infrared  detector?  t.n  3  to  4  K ,  which 


160 


is  well  below  the  55  to  80  K  required  by  some  of  the  other  Eos  in¬ 
struments.  The  SATIRE  mid-infrared  module  will  use  mechanical  coolers 
to  cool  its  detectors  to  80  K.  The  far-infrared  module,  called  the  Cold 
Optics  and  Detectors  Module  (CODM) ,  will  use  the  hybrid  cryogenic  system 
described  in  this  section. 

Table  4  summarizes  some  of  the  allocated  system  budgets.  The  CODM  per¬ 
formance  requirements  shown  in  Table  5  are  derived  from  the  mission  and 
system  requirements. 

BASELINE  DESIGN 

Figure  2  shows  the  baseline  design  of  the  SATIRE  CODM  cryogenic  sub¬ 
system.  A  124-liter  cylindrical  tank  containing  superfluid  helium  at 
about  1.9  K  provides  cooling  for  the  focal  plane  assembly  The  helium 
tank  is  surrounded  by  four  shields.  The  innermost  shield  is  vapor 
cooled,  and  tne  other  three  shields  are  actively  cooled  by  split 
Stirl ing-cycle  mechanical  coolers  as  well  as  vapor  cooled.  During  norm¬ 
al  operation,  the  use  of  vapor  cooling  on  the  activelv-cooled  shields 
has  little  benefit.  However,  in  the  event  of  any  mechanical  cooler 
failure,  the  rise  in  helium  boiloff  will  make  the  vapor  cooling  benefit 
significant.  The  outer  actively-cooled  shield  (OACS)  and  the  middle 
actively-cooled  shield  (MACS)  are  each  cooled  by  a  single-stage,  split 
St. i  r  1  i ng-c.ycl e  mechanical  cooler  while  the  inner  actively-cooled  shield 
(IACS)  is  cooled  by  a  two-stage,  split  Stir! ing-cycle  cooler  . 


Table  4 

SAFIRE  SYSTEM  REQUIREMENTS 


ITEM 

REQUIREMENT 

Instrument  Envelope 

Double  standard  size  payload 
assembly  plate  on  Eos  platform 

Mass 

375  kg,  current  estimate 

Fower 

426  W,  current  estimate 

Image  Stability 

S3  arcsec  scan  mirror  jitter 

Total  boresight  error 

£19  arcsec  (preliminary) 

Launch  Vehicle 

Titan  4 
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Table  5 

SAFIRE  CODM  DERIVED  REQUIREMENTS  AND  CONSTRAINTS 


ITEM 

REQUIREMENT 

CODM  envelope 

74  cm  x  74  cm  x  135  cm 

Mass 

113  kg  (current  estimate) 

Power 

216  W  (current  estimate) 

Lifetime 

>5  years 

Vacuum  shell  temperature 

>243  K  (limited  by  mechanical 
coolers) 

Focal  plane  assembly  temperature 

3  to  4  K 

Cold  optics  subsystem  temperature 

<30  K 

Cold  preamplifiers  temperature 

<80  K 

Focal  plane  assembly  temperature 
stability 

<40  mK/hr 

CODM  alignment  (inter-module) 

<0.15  mm  (displacement) 

<10  arcsec  (tilt) 

Component  alignment  within  COS 

<0.2  mm  (displacement) 

<20  arcsec  (tilt) 

CODM  operating  mode  (ground) 

In  any  orientations 

The  design  of  the  mechanical  cooler  interfaces  to  the  dewar  have  taken 
into  consideration  those  issues  mentioned  in  the  previous  sections.  All 
of  th®  components  of  the  split  Stir! ing-cycle  coolers  are  mounted  to  the 
forward  girth  ring.  The  two  compressors  and  two  displacers  of  the 
single-stage  coolers  are  mounted  in  line  to  provide  momentum  compensa¬ 
tion.  For  the  two-stage  mechanical  cooler,  only  the  two  compressor 
units  are  mounted  in  line.  The  level  of  vibration  from  the  uncompen¬ 
sated  two-stage  displacer  can  he  transmitted  to  uhe  dewar  without  vio¬ 
lating  the  alignment  requirements.  Heat  is  conducted  from  the  dewar 
shields  to  the  displacer  cold  tips  via  a  cold  finger  using  a  combination 
of  flexible,  high-puritv  copper  strips  and  a  copper  rod.  System  analy¬ 
sis  is  currently  in  progress  to  assess  the  impact-  of  using  active  therm¬ 
al  switches  and  redundant  mechanical  coolers. 
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Fig.  2.  SAFIRE  cold  optics  and  detectors  module  layout. 


SYSTEM  TRADES 

Various  design  options  were  considered  to  optimize  the  cryogenic 
subsystem  performance .  The  required  far-infrared  detector  operating 
temperature  of  3  to  4  K  can  be  provided  by  either  using  superfluid 
helium  in  a  stored  cryogen  system  or  using  a  closed-cycle  system  with 
mechanical  coolers  providing  the  pre-cooling  stage  for  a  Joule-Thomson 
(J-T)  expander.  A  base  temperature  of  3.5  K  was  demonstrated  with 
laboratory  components  of  the  closed-cycle  J-T  system'’.  However,  the 
superfluid  helium  stored  cryogen  system  was  selected  as  the  baseline  for 
several  reasons.  The  maturity  of  the  J-T  system  is  questionable  for  the 
SAFIRE  schedule  Ample  experience  was  gained  during  the  development  and 
flight  of  previous  superfiuia  helium  aewars.  A  5-vear  superfluid  helium 
dewar  is  achievable  by  using  mechanical  coders  to  extract  heat  from  the 
dewar  radiation  shields,  thus  reducing  the  heat  load  to  the  superfluid 
helium.  The  hybrid  mechanical  cooler/ superfluid  helium  system  also 
requires  about  half  the  power  consumption  of  the  closed-cycle  J-T 
system.  However,  the  hybrid  helium  system  does  occupy  a  larger  volume 
and  weighs  about  30  kg  more  than  the  J-T  system.  A  hybrid  supercritical 
helium/ J-T  system  can  also  provide  detector  cooling  to  about  3  to  4  K. 
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However,  this  system  would  be  ever  less  mass  and  volume  efficient  than 
with  superfluid  helium. 


Another  trade  study  was  made  tc  determine  the  optimum  cooling  configura¬ 
tion  of  the  dewar  MACS  and  OACS  using  the  single-stage  mechanical  cool¬ 
ers.  Two  cases  were  analysed  and  compared  with  the  baseline  con¬ 
figuration.  Results  show  that  placing  both  the  single-stage  coolers  at 
either  the  MACS  or  the  OACS  gives  12  to  15  percent  lower  helium  lifetime 
than  the  baseline  design.  A  final  trade  study  was  performed  to  evaluate 
the  benefit  of  using  helium  vapor  cooling  on  ail  of  the  actively-cooled 
shields.  During  normal  operation,  the  cooling  capacities  of  the  three 
mechanical  coolers  overwhelm  the  small  amount  of  enthalpy  available  from 
the  low  helium  vent  rate;  therefore,  only  2  percent  gain  in  lifetime  is 
obtained  with  the  vapor  cooling.  However,  vapor  cooling  the  actively- 
e: -'led  shields  can  reduce  helium  bciloff  by  5  to  50  percent,  in  the  event 
oi  mechanical  cooler  failures. 

SYSTEM  PERFORMANCE 

The  dewar  thermal  .'math  model  predicts  a  lifetime  of  about  7  years  for 
the  124- liter  hybrid  superfluid  helium  system.  Dewar  vacuum  shell 
temperature  of  300  K  and  mechanical  cooler  compressors  temperature  of 
310  K  are  assumed  in  the  analysis.  The  nominal  operating  temperatures 
and  cooling  capacities  required  from  the  mechanical  coolers  are  0.3  W  at 
30  K  for  the  two-stage  cooler  and  0  66  W  ai  77  K  and  1.8  W  at  145  K  for 
the  single  stage  coolers.  Reliable  operation  of  the  mechanical  coolers 
is  critical  to  meeting  the  5-year  mission  reqv  merit..  The  baselined 
hybrid  approach  provides  ten  times  greater  i:i  .me  than  a  passive 
stored  helium  approach  within  the  mass  and  envelop  constraints. 

Figure  3  shows  the  sensitivity  of  cryogen  lifetime  to  changer  in  dewar 
vacuum  shell  temperature  and  mechanical  cooler  compressor  temperature. 
Lifetime  increases  by  about.  0.6  percent  for  every  degree  Kelvin  decrease 
m  dewar'  vacuum  shell  temperature  and  about  0.S  percent  if  both  the  vac¬ 
uum  shell  and  compressors  temperature  decrease  by  one  degree  Kelvin. 

Note  that  lor  the  ra.ngc  of  single-stage  cooler  input  power  shown  in  the 
figure,  lifetime  changes  by  at  most.  15  percent . 

Preliminary  analysis  of  mechanical  cooler  failure  shows  that  dewar  life¬ 
time  is  least  affected  by  a  failure  of  the  cooler  cn  the  OACS,  while  the 
failure  of  the  two  stage  cooler  on  the  1ACS  affects  rjpwar  lifetime  dra¬ 
matically.  This  is  because  the  amount  of  parasitic  heat  load  to  the 
superfluid  helium  is  largely  controlled  by  the  temperature  of  the  1ACS. 
In  addition  to  the  lifetime  loss  resulting  from  mechanical  cooler  fail- 
un  ,  the  increased  temperature  of  the  helium  reservo i -  detectors,  and 
cold  optics  c.uuk-  degraue  the  instrument  fun-lion  A  ,  if  the  helium 
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CRYOGEN  LIFETIME  SENSITIVITY 


NOMINAL  VALUES 


lifetime  «  7  years 
T(Vacuum  Shell)  -  300  K 
T(Single-stage  Cooler  Compressors)  «  300  K 
Single-stage  Cooler  Compressor  Net  Power  -  20  W 


k  Fig.  3  Sensitivity  of  cryo- 
5  gen  lifetime  to  main  drivers. 

0.8  0  9  10  II  1.2 

X  /  X  (nominal) 


would  reduce  the  boil-off  rate  about.  5  percent  if  the  OACS  cooler  fails, 
25  percent  if  the  MACS  cooler  fails,  and  100  percent  if  the  1ACS  cooler 

r  ■  t 

i  ai i b  . 


The  effect  of  mechanical  coolers  residual  vibration  on  dewar  performance 
was  evaluated  assuming  a  worst  case  where  the  dewar  resonant  frequency 
coincides  with  the  mechanical  cooler  drive  frequency  of  40  Hz.  Results 
indicate  that  the  CODM  car,  withstand  an  excitation  force  of  about  2  lb 
from  the  mechanical  coolers  without  exceeding  the  1 ine-of -sight  jitter 
and  displacement  error  requirement  specifications  of  20  arcsec  and 
0.2  mm,  respectively.  Measurements  t.o  be  presented  at  this  conference 
by  the  NASA  Jet  Propulsion  Laboratory  indicate  that  this  residual  vibra¬ 
tion  level  is  a  achievable. 

HST  NEAR -INFRARED  CAMERA  AND  MULTI -OBJECT  SPECTROMETER  (NICMUS) 

N1CM0S  is  a  multi-purpose,  second-generation  HST  instrument  capable  of 
performing  imaging  and  spectroscopy  in  the  1  to  3  fiw  wavelength  region. 
It  is  unique  ;r.  that  it  is  the  only  HST  instrument  that  is  crvogenically 
cooled  and  operates  in  the  near  infrared. 

Table  6  summarizes  the  science-driven  performance  requirements  for  the 
NICMUS  cryogenic  subsystem.  Also  shown  are  the  baseline  design  values 
for  eacli  of  the  performance  requirements.  The  interface  and  constraint 
requirements  are  derived  from  four  sources:  (1)  the  NICMUS  instrument, 
including  the  other  subsystems ,  (2)  the  HST,  (3)  the  Space  Transporta¬ 
tion  System  (STS),  and  (4)  integration  and  testing.  Table  7  summarizes 
the  requirements  derived  from  the  NICMUS  instrument  and  HST.  The  inter¬ 
faces  and  constraints  set  by  the  STS  and  integration  and  test  activities 
cover'  the  areas  cf  launch  loads,  safety,  venting  in  the  payload  bay  and 
ground  operations .  NICMUS  must  meet  the  safety  requirements  imposed  by 
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Table  6 

NICMOS  SCIENCE-DRIVEN  PERFORMANCE  REQUIREMENTS 


ITEM 

REQUIREMENT 

BASELINE 

VALUE 

Detector  temperature 

<62  K 

58  K 

Detector  temperature 
stability 

<200  ipK  short  term 

±2  K  over  duration  of  mission 

Meets 

Cold  stop  temperature 

<180  K 

130  K 

Lifetime 

>5  years 

6  years 

the  STS,  including  that  the  cryogenic  subsystem  can  be  left  unattended 
for  at  least  five  dajs  prior  tc  launch  and  deployment. 

BASELINE  DESIGN 

Figure  4  shows  the  baseline  design  cf  the  NIC.MQS  cryogenic  subsystem. 

The  58  K  solid  Nj  stage  of  71  liters  surrounds  the  cold  optics  bench 
containing  the  six  detector  arrays.  The  130  K,  25-liter  annular  C02 
tank  uses  passively-cooled  domes  on  each  end  to  completely  enshroud  the 
Nj,  stage.  Surrounding  the  CO  stage  are  two  actively-cooled  shie_.,s. 
These  shields  are  each  coded  by  a  pair  of  thermoelectric  coolers 
(TECs).  The  solid-stati  TECs  use  the  Peltier  effect  to  produce  cooling 
using  the  25  to  30  W  of  power  available  to  the  cryogenic  subsystem.  The 
TECs  are  attached  tc  radiators  located  cn  the  outboard  panels  of  the 
NICMOS  enclosure  and  connected  to  the  shields  via  permanently  attached 
flexible  cold  fingers.  They  share  a  common  vacuum  with  the  oewar  via 
1 ow - conduct! v i ty  titanium  tubes,  which  minimize  heat  flow  between  the 
cold  radiators  ana  the  temperature-controlled  vacuum  shell-  The  vacuum 
shell  mounts  to  the  NICMOS  main  optical  bench. 

Figure  5  shows  the  arrangement  of  TEC  cooling.  (For  clarity,  only  one 
of  each  pair  ol  inner  and  outer  TEC/radiator  combinations  is  shown.) 

The  TEC- cooled  shields  .substantially  reduce  the  heat  load  on  the  CO., 
stage.  Since  the  cooling  capacity  of  the  TECs  increases  with 
temperature ,  the  temperatures  of  the  TEC- coded  shields  are  not  very 
sensitive  to  variations  in  parasitic  heat  loads. 

SYSTEM  TRADES 

A  mechanical  coder  approach  can  orovide  the  required  operating  tempera¬ 
tures,  but  the  only  technology  considered  mature  enough  at  this  time  to 
choose  for  multi-year,  on-orbit  use  is  the  linear,  split  Stir! ing-cycle 
approach.  However,  to  reduce  the  vibration  to  an  acceptable  level  would 
require  operating  them  in  compensated  pairs,  requiring  about  80  W  of 
power  per  pair.  The  30  W  power  budget  do-,  s  not  permit  this.  Therefore, 
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Table  7 

NICMOS  INTEEFACE  AND  CONSTRAINT  REQUIREMENTS 


ITEM 


REQUIREMENT 


Mass 

Input  power  available 
Maximum  vibration 


164  kg 

30  W  during  operation,  25  W  during  hold 

Cannot  cause  an  HST  pointing  error  >0.0007 
arcsec 


Thermal  270  ±1  K  vacuum  shell  temperature 

255  K  HST  radiative  sink  temperature  (operation) 
232  K  HST  radiative  sink  temperature  (hold) 

Focal  plane  dissipation  1  o»W  during  operation,  zero  during  hold 
power 


the  only  type  of  refrigerator  that  meets  reliability,  vibration,  and 
power  constraints  is  a  TEC.  Unfortunately,  a  system  using  only  TECs  and 
radiators  cannot  provide  the  required  62  K  operating  temperature.  On 
the  other  hand,  a  pure  stored  cryogen  system  was  found  to  be  too  heavy. 
It  was  thus  determined  that  the  only  approach  that  could  provide  the 
operating  temperature  within  mass,  vibration,  and  power  constraints  is  a 
hybrid  system  using  stored  cryogens  with  TECs  and  radiators. 

SYSTEM  MODELING  AND  PERFORMANCE 

The  NICMOS  dewar  lifetime  is  calculated  using  a  28  node  thermal  network 
model.  This  model  sizes  the  N2  and  C02  tanks  to  yield  equal  cryogen 
lifetimes,  with  total  dcwar  mass  constrained  by  the  164  kg  budget. 

The  thermal  environment  viewed  by  the  TEC  radiators  is  warmer  during  the 
operate  mode  than  curing  the  hold  mode.  This  results  in  warmer  TEC 
shield  temperatures  anc  a  higher  C02  depletion  rate  during  the  operate 
mode.  The  h'2  depletion  rate  is  nearly  independent  of  the  TEC  shield 
temperatures  because  nearly  all  heat,  transfer  paths  to  the  N2  tank  (sup¬ 
ports,  plumbing,  etc.)  come  from  the  C02  tank.  Table  8  shows  the  pre¬ 
dicted  net.  heat  leaks,  sublimation  rates,  cryogen  masses  and  on-orbit 
lifetime.  Timelined  average  shield  temperatures  are  shown  in  Figure  5. 

A  modified  version  c.f  the  ciewar  thermal  model  was  used  to  determine  the 
1  lietime  attainable  by  a  devtar  without  the  TEC  cooled  shields .  Holding 
the  overall  dewar  mass  budget  at  164  kg,  the  predicted  lifetime  is  only 
3.0  years.  Similar  results  were  recently  obtained  during  demonstration 
testing  at  Ball  Aerospace.  In  these  tests,  TECs  were  used  to  cool  a 
shield  installed  in  the  annulus  of  a  dcwar  containing  Freon-14.  The 
dewar  boil  off  rate  increased  by  a  factor  of  two  when  the  TECs  were 
removed . 
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Fig.  4.  NICUOS  cryogenic  subsystem  design  layout 


Fig.  L  Thermoelectric 
cooling  arrangement  for 


NICMOS. 


15.2  W  (total) 

TECI  Rcdlator. 
254  K 


Low-Conductance 
Radiator  Support 
Tubaa 


(  17  Layers  ML?)  (  1096  mW  J 
256  mw)  (l7L»y«nMlQ 

QSO  L»y»r»  Mil) 


1 1.9  W  (total) 


TECO  R»diitor, 
255  K 


Vacuum  Shell, 
270  K 

TECO  Shield. 
211  K 

•  *TECi  Shield. 
183  K 
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Table  8 

NICMOS  BASELINE  CRYOGENIC  PERFORMANCE 


HHHHMillllltHMHH 

ITEM 

(20%  of  life)  (80%  of  life) 

Primary  stage  heat  leak 

82.6  mW 

81.9  mW 

N2  sublimation  rate 

29.1  g/day 

28.9  g/day 

Secondary  stage  heat  leak 

150  mW 

110  mW 

C02  sublimination  rate 

21.2  g/dav 

15.6  g/day 

Average  sublimation 

N  • 

C62: 

28.9  g/day 

rates 

16.7  g  day 

Ful ly-loaded 

N„: 

63.9  kg 

cry ogen  mass 

Ct)2: 

36.9  kg 

On-orbit  lifetime 

6.0  years 

TECs  are  inherently  very  reliable  due  to  their  solid-state  construction 
anc  the  absence  of  moving  parts.  The  use  of  redundant  cooling  elements 
shows  promise  for  further  improving  TEC  reliability  .  The  lifetime  im¬ 
pact  of  a  single  TEC  failure  is  lessened  by  using  two  identical  TECs  to 
cod  each  shield.  Still,  the  potential  exists  for  an  on-orbit  failure 
of  one  or  more  TECs,  resulting  in  a  shortened  instrument  lifetime. 

Performance  trades  showed  that  for  credible  TEC  failures,  thermal 
disconnects  provided  little  system  performance  benefit.  For  failure  of 
a  single  TEC  on  either  shield,  the  heat  leak  across  the  failed  device  is 
about  400  to  800  mW  The  shield  temperature  will  rise  as  a  result,  but 
the  non-linear  cooling  performance  of  the  remaining  TEC  limits  this 
temperature  rise  to  about  10  to  20  K.  If  both  TECs  on  either  shield 
fail,  the  lifetime  impact  is  greater,  but  is  softened  because  the  TEC 
radiator  temperatures  are  relatively  low  compared  to  the  dewar  vacuum 
shell  temperature.  For  a  complete  failure  of  all  four  TECs,  thermal 
disconnects  offer  no  performance  benefit.  This  is  because  the  uncooled 
shields  are,  or,  average,  warmer  than  the  TEC  radiators.  Therefore, 
leaving  the  failed  TECs  attaciu-c  actually  cools  the  shields. 

Figure  6  shows  the  lifetime  impact  oj  single  and  multiple  TEC  failures 
as  a  function  of  time  after  launch.  The  analysis  assumed  that  a  failed 
TEC  provides  no  cooling  and  that,  input  power  to  the  remaining  TECs  is 
unchanged.  The  failure  scenario  with  the  least  lifetime  impact,  is  a 
failure  of  a  single  TEC  on  the  outermost  shield.  The  failure  of  all 
four  TECs  at  launch  results  in  a  lifetime  reduction  of  4G  percent. 

While  this  lifetime  reduction  is  severe,  many  of  the  science  objectives 
could  still  be  met  since  detector  temperatures  will  rise  less  than  1  K. 
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Fig.  6  Lifetime 
impact  of  TEC 
failures . 
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CONCLUSION'S 

Three  hybrid  cryogenic  systems  are  being  developed  that  combine  proven 
cryogen  storage  technologies  with  refrigerators  tc  acnieve  on-orbit 
1 ifecimes  over  5  years.  The  lifetime  increase  provided  bv  use  of  re¬ 
frigerators  for  these  systems  ranges  from  a  factor  of  2  to  a  factor  of 
10.  Interfacing  between  the  dewar  arid  refrigerators  is  critical  and  in¬ 
volves  a  variety  of  issues  that  must  be  carefully  considered.  Most  of 
these  issues,  such  as  the  replacement  of  refrigerators  with  minimal  dis¬ 
turbance  of  the  dewar,  vibration  isolation,  thermal  efficiency  and  mech¬ 
anical  flexibility  of  the  connection,  are  important  to  ail  three  systems 
discussed.  The  greatest,  risk  in  achieving  the  predicted  lifetimes  for 
these  systems  is  premature  failure  of  the  refrigerators.  Therefore, 
consideration  o;  the  mission  impact  from  ref r igerator  failures  and  im¬ 
plementation  c.  red urica n cy  is  a  critical  aspect  of  the  design  process. 
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ABSTRACT 

The  fundamental  study  of  the  regenerator  performance  taking  account 
of  the  void  volume  by  means  of  numerical  calculation  is  described.  It 
leads  that  the  definition  of  the  efficiency  for  the  regenerator  is  very 
complex  due  to  the  gas  in  the  void  volume.  The  approach  using  the 
ineffectiveness  at  the  cold  end  of  the  regenerator  is  proposed  to 
evaluate  the  performance  of  the  regenerator  and  is  discussed  with  the 
results  of  numerical  calculation. 


INTRODUCTION 

The  performance  of  regenerative  heat  exchangers  has  been  discussed 
in  many  papers  by  means  of  the  regenerator  ef f iciency.1^  p.Paney  and 
R.Rad'  !'augh  considered  the  effect  of  void  volume  assuming  constant 
pressure,  constant  flow-rate  and  incompressive  gas/  In  this  study,  We 
e.'end  the  consideration  to  the  variable  operating  conditions  which 
sh  raid  be  satisfied  for  understanding  an  actual  regenerator  performance 
for  the  temperature  range  is  above  20K,  where  the  working  helium  gas 
could  be  assumed  as  the  ideal  gas. 

The  regenerator  efficiency  is  defined  as  the  ratio  of  the  actual 
heat  transfer  rate  to  the  maximum  possible  heat  transfer  rate.  The 
performance  of  a  regenerator  with  void  volume  usually  can  not  be  defined 


as  an  unique  expression  even  for  the  ideal  gas,  mainly  because  that 
mass-flow  rate  of  working  gas  is  not  constant  in  the  regenerator. 

The  total  mass  of  gas  within  the  void  volume  varies  during  each 
half  cycle,  unless  the  heat  capacity  of  the  regenerative  material  is 
infinite.  Therefore,  considering  the  equation  of  continuity  for  gas,  the 
mass-flow  rate  in  the  regenerator  should  not  be  uniform  along  the  flow. 
When  the  pressure  is  constant,  the  mass-flow  increases  with  increasing 
gas  temperature  within  the  void  volume  at  the  same  position.  As  a 
result,  the  mass-flow  rate  of  the  exhaust  gas  at  the  cold  end  is  always 
greater  than  that  of  the  inlet  gas  at  the  warm  end  of  the  regenerator. 
Similarly,  the  exhaust  gas  at  the  warm  end  is  less  than  the  inlet  gas  at 
the  cold  end  during  the  another  half  cycle.  The  fact  of  the  variable 
mass-flow  rate  induces  difficulty  of  the  definition  of  the  regenerator 
efficiency. 

Temperature  profile  of  the  gas  and  the  matrix  in  the  regenerator 
has  been  carried  out  by  the  numerical  method.  Effects  of  void  volume 
will  be  discussed  by  means  of  usual  regenerator  efficiency  and  also  by 
means  of  the  efficiency  taking  account  of  cooling  capacity  and  expander 
work  at  the  ccld  end. 


BASIC  EQUATION 


The  energy  equation  of  fluid  flow  is  written  as 


3  ,  ,,  v  1  3/-u>  m3  P 

n'(pU)W"H)--<,+  p“A3X 


(1) 


where  p  is  density,  U  is  the  internal  energy,  m  is  the  mass-flow  rate,  H 
is  the  enthalpy,  A  is  the  cross-section  area  and  P  is  the  gas  pressure.  ^ 
Assuming  an  ideal  gas  for  the  working  fluid  and  ignoring  pressure  drop, 
we  can  obtain  next  equation  from  the  equation  (1) 


cv^(pAT)+cpr|(ri.T)=^-  (Q  —  ALq  )  (2) 


Where  Cp  and  Cv  are  specific  heat  at  constant  pressure  and  specific  heat 
at  constant  volume  respectively.  T  is  temperature,  L  is  total  length  of 
the  regenerator  and  Q  is  total  heat  flow  to  the  gas. 

The  heat  flow  Q  is  transferred  from  the  matrix  with  temperature  of 
Ts  through  the  surface  with  area  of  S  as  follows. 


Q=hS(Ts-T) 


(3) 


174 


Temperature  of  the  matrix  with  specific  heat  Cs  and  total  volume  Vs  is 
defined  by  following  equation. 


Q  =  -Cs 


(4) 


Where,  the  axial  heat  conduction  and  radial  temperature  distribution  of 
the  matrix  are  ignored. 

We  can  obtain  temperature  profile  of  the  gas  and  the  matrix  by 
these  equations  along  with  the  equation  of  continuity  for  the  gas  as 
follows . 


^9p+9m 

at  3X 


(5) 


In  the  case  of  constant  pressure,  the  first  term  of  the  energy 
equation  (1)  is  vanished,  because  the  internal  energy  of  the  void  volume 
does  not  change.  Therefore  the  effect  of  the  void  volume  appeared  only 
on  the  equation  of  continuity.  As  a  result,  mass-flow  rate  varies  along 
axial  direction  of  regenerator. 


Numerical  calculation  have  been  done  using  these  five  equations  by 
means  of  finite  difference.  The  accuracy  of  results  is  mostly  depend  on 
numbers  of  dividing  pitch  Nx  for  the  variable  x.  Nx  is  chosen  fixed 
number  600  because  of  time  limitation  of  our  computer  system,  although 
the  results  still  have  numerical  error  of  several  per  cent. 


DEFINITION  OF  THE  EFFICIENCIES 


The  performance  of  regenerator  is  discussed  on  the  model  shown  in 
Figure  1  in  this  paper.  In  the  first  half  cycle,  the  cold  gas  flows  into 
the  left  cold  end  with  enthalpy  (mH)c-|  and  flows  out  from  the  right  warm 
end  with  enthalpy  (mH)^.  The  hot  gas  flows  opposite  direction  during 
another  half  cycle. 

Boundary  conditions  of  the  mass-flow  rate  at  cold  end  mc  and  the 
pressure  P  as  follows, 


TT  ■  .  ,TTt  . 

m  -  =  "Fmms  1  n  ( - J 

-  2  m  Tn 
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Fig.  1.  Enthalpy  flow  of  regenerator 


P  = 


[  1+PqS i n ( 


(6-B) 


for  the  case  of  sinusoidal  variation.  Where  Pm  is  the  mean  pressure,  PQ 
is  the  amplitude  for  pressure  and  Tq  is  the  half  period  of  the  cycle.  mm 
corresponds  to  the  mean  value  of  the  mass-flow  rate.  The  pressure  P 
describes  the  pressure  of  the  gas  in  the  regenerator  for  our  case  where 
the  pressure  drop  is  ignored. 

In  order  to  reduce  parameters  of  tne  equations,  it  i3  convenient  to 
use  well  known  three  parameters  as  follows. 


A  = 


hS 

mmCp 


"1mCpT0 
=  VsCs 


VCv 

:  VsCs 


(7) 


<t>  is  proportional  to  the  value  of  void  volume  and  defined  by  using  the 
density  of  gas  at  the  mean  temperature  of  hot  and  cold  end  in  oar  case. 

Following  three  similar  type  of  ef f iciencies p a,  p^,  qc  and  another 
type  one  px  will  be  discussed  later  with  results  of  the  calculation. 


_(riiH)h1-(riiH)r1 
8  'V0Cp(VTc> 

_QH  )hi -(mH  )ri  _(mH  )h?-(  liiH  )c? 
nb  (mH)h2-('iiH)cT  ( liiH  )  -  (  mH  )  c  ^ 
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The  first  three  formulas  are  defined  as  the  usual  definition  of  the 
efficiency  for  the  regenerator,  that  is  the  ratio  of  the  actual  heat 
transfer  rate  to  the  maximum  possible  heat  transfer  rate.  Where  Qout  is 
the  thermal  loss  at  the  cold  end  which  corresponds  to  the  excess 
enthalpy  flow  to  the  cold  end  in  a  cycle. 

Hx  is  defined  by  the  inefficiency  which  is  the  ratio  of  Qout  to  the 
ideal  expander  work  Wexp  at  the  cold  end.  Wexp  can  be  evaluate  by 
pressure-volume  integral.  Therefor,  !~|X  is  a  sort  of  the  cycle 
efficiency. 


A=  200  r=  0.6  Th=300K  Tc=S0K 

mm=  1  g/sec  f=  1  Hz 


Fig.  2.  Comparison  of  efficiencies  defined  by  equation(8) 


177 


RESULTS  AND  DISCUSSION 


Figure  2  shows  a  results  of  regenerator  efficiencies  as  a  function 
of  <t>  for  the  case  of  A=200  and  F=0.6.  Solid  lines  show  the  case  of  the 
constant  pressure  and  dashed  line  shows  that  of  the  sinusoidal  pressure 
change  with  the  pressure  ratio  of  2.  and  Uc  for  the  ca3e  of  constant 
pressure  increase  with  increasing  void  volume,  which  tendency  has  been 
predicted  by  D.Daney  and  R.Radebaugh.^  On  the  other  hand,  dashed  line 
decrease  with  increasing  void  volume.  In  any  case,  it  is  found  that  the 
pressure  change  gives  lower  efficiency  compare  to  the  case  of  constant 
pressure  with  void  volume,  and  that  the  efficiencies  decrease  with 
increasing  void  volume. 

Figure  3  shows  the  effect  of  the  pressure  ratio  with  different 
fixed  parameters.  The  efficiency  decrease  with  increasing  the  pressure 
ratio.  Changing  value  of  the  heat  capacity  ratio  1'  moves  the  curve  of 
the  efficiency  against  pressure  ratio  mostly  parallel.  On  the  other 
hand,  the  effect  of  the  pressure  ratio  or.  the  efficiency  is  decreased  by 
decreasing  the  void  volume  which  is  proportional  to 

There  is  a  cross  point  of  the  efficiency  at  the  pressure  ratio  of 
about  1.7  in  this  particular  case.  This  means  if  we  use  the  pressure 
ratio  below  the  cross  point,  the  efficiency  increases  with  increasing 
void  volume. 

The  effect  of  the  flow  patterns  which  are  shown  in  Figure  4  are 
summarized  also  in  the  figure  along  with  the  result  from  Hausen’s 
equation  which  assumes  constant  pressure,  constant  mass-flow  rate  and  no 
void  volume.  Both  results  are  obtained  by  the  sinusoidal  pressure  change 
with  pressure  ratio  of  2.  The  efficiency  of  the  trapezoidal  mass-flow  is 
better  than  of  the  sinusoidal  mass-flow. 

For  the  actual  cryocooler,  the  ratio  of  the  heat  loss  of  the 
regenerator  to  the  maximum  possible  cooling  capacity  of  the  cold  end  is 
useful  for  analysis  and  design.  The  efficiency  defined  as  formula  8-D 
represents  this  ratio.  Considering  p  ,  if  the  pressure  is  constant  the 
expander  work  should  be  vanished,  therefore  the  efficiency  qx  does  not 
mean  anymore. 

When  the  pressure  and  the  mass-flow  rate  vary  sinusoidaly  in  phase, 
P-V  diagram  at  the  cold  end  is  shown  in  Figure  5-b.  The  results  of  the 


net  heat  Qout  carried  into  the  cold  end  by  gas  are  shown  in  Figure  5-a 
and  also  the  efficiency  r)x  is  shown  Figure  5-c.  Although  the  results  are 
obtained  on  the  particular  conditions,  the  efficiency  r|x  is  decreasing 
with  increasing  void  volume,  which  seems  to  agree  with  the  experimental 
results. 


CONCLUSIONS 

The  numerical  calculation  for  the  gas  and  the  matrix  cf  the 
regenerator  has  been  carried  out  assuming  the  ideal  gas  and  the  constant 
specific  heat  of  the  matrix,  and  ignoring  the  pressure  drop,  but 
considering  the  void  volume. 

The  fundamental  study  for  the  regenerator  performance  shows  that 
the  definition  of  the  regenerator  efficiency  is  very  complex  due  to  the 
effect  of  the  void  volume  in  the  regenerator. 

An  approach  using  the  ineffectiveness  at  the  cold  end  of  the 
regenerator  is  proposed,  which  introduces  the  efficiency  p  for  the 
simple  case  and  as  a  cycle  efficiency  for  a  cryocooler. 

The  void  volume  may  act  as  the  heat  transport  media  which  induces 
the  regenerator  loss  except  the  condition  of  the  very  low  operating 
pressure  ratio. 

The  approach  mentioned  in  this  paper  could  be  applied  to  the  non 
ideal  ga3  and  the  actual  matrix  materials. 

The  difference  of  shape  and  the  peak  value  of  instantaneous  mass- 
flow  rate  gives  a  significant  change  of  the  regenerator  efficiency. 
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ABSTRACT 

An  apparatus  has  been  constructed  to  measure  the  performance  of 
regenerators  in  pulse  tube  refrigerators  operating  at  pressures  oscillat¬ 
ing  at  frequencies  between  5  and  30  Hz.  The  apparatus  measures  the 
ineffectiveness  of  a  regenerator  using  either  the  liquid  nitrogen  boil-off 
method  or  the  instantaneous  enthalpy  flow  method.  The  latter  method  relics 
on  measurements  of  the  instantaneous  mass  flow  rate,  temperature,  and 
pressure  at  both  ends  of  the  regenerator.  This  method  required  the  design 
and  use  of  devices  able  to  measure  temperature  and  mass  flow  rate  at  high 
speeds.  The  ineffectiveness  of  a  regenerator  in  a  pulse  tube  refrigerator 
has  been  evaluated  using  both  methods. 

INTRODUCTION 

A  regenerator  is  one  of  the  primary  components  of  an  orifice  pulse 
tube  refrigerator  and  has  a  major  effect  on  refrigerator  performance. 
Regenerative  heat  exchangers  have  several  advantages  over  recuperative 
heat  exchangers  in  that  they  are  compact  and  simple  to  construct  and  have 
high  efficiencies  and  long  lifetimes.  An  apparatus  has  been  designed  (see 
Fig.  1)  and  constructed  to  experimentally  evaluate  this  performance.1  Mass 
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flow  rate  In  a  pulse  tube  refrigerator  is  higher  than  that  in  a  Stirling 
refrigerator;  thus,  the  former  requires  better  regenerator  performance.2 
A  single  stage  orifice  pulse  tube  can  achieve  useful  refrigeration  and 
reasonable  efficiencies  ,'t  77  K.3'1  This  study  examines  the  performance  of 
a  regenerator  wii.h  the  warm  end  at  300  K  and  the  cold  end  at  77  K. 

THEORY 

Regenerator  performance  is  generally  specified  in  terms  of 
regenerator  effectiveness.  This  is  defined  as  the  dimensionless  ratio  of 
the  actual  heat  transfer  rate  in  the  regenerator  to  the  maximum  possible 

w 


Schematic  of  the  apparatus  designed  *;o  evaluate  regeneratoi 
performance . 


Fig.  ]  . 


heat  transfer  rate5’6,  that  is, 


gjct  _  _ actual  heat  transfer  rate _  (1) 

6  maximum  possible  heat  transfer  rate 


To  determine  the  effectiveness  of  a  regenerator  it  is  more  convenient  to 
define  a  regenerator  ineffectiveness  term  given  by1,6 


X  =  l-e 


(2) 


If  it  is  assumed  that  the  heat  capacities  of  the  gas  for  the  hot  and  cold 
periods  of  the  regenerator  operation  are  equal,  the  numerator  of  Eq .  (2) 
becomes 


=  o  -  Tc  l), 


(3) 


where  m  is  the  mass  flow  rate  of  the  gas  in  the  regenerator,  Cp  is  the  gas 
heat  capacity,  Tc  t  is  the  temperature  of  the  cold  gas  entering  the 
regenerator  from  the  cold  end,  and  Th  0  is  the  average  temperature  of  the 
hot  gas  leaving  the  cold  end  of  the  regenerator,  In  terms  of  the  specific 
enthalpy  of  r.he  gas  in  the  regenerator,  hr ,  Eq .  (3)  becomes 

0w-0,c t  =  -  rhhATc  i)  .  w 

This  difference  is  the  enthalpy  flow  through  the  regenerator  and  is  equal 
to  the  heat  load  at  the  cold  end  of  the  refrigerator  due  to  the  regenera¬ 
tor  ineffectiveness.  Therefore, 

X  =  -^2,  (5) 

where  represents  this  heat  load.  An  energy  balance  for  any  differen¬ 
tial  section  of  the  regenerator  shows  that  the  enthalpy  flow  is  constant 
throughout  the  entire  length  of  the  regenerator,  as  long  as  there  are  no 
radiative  or  convective  losses  to  the  outside  environment. 

The  heat  load,  or  enthalpy  flow,  for  an  oscillatory  system  musi  be 
integrated  over  one  full  period,  therefore,  the  ineffectiveness  becomes 


X 


jmhT 


dt 


{ T„)  dt  -  jp  ‘mji  (  Tl)  dt 


(6) 


where  h(Tu)  is  the  enthalpy  cf  the  warm  fluid  entering  the  regenerator, 
h(TL)  is  the  enthalpy  of  the  cold  fluid  entering  the  regenerator,  Pc  and 
Ph  are  th '  durations  of  the  cold  and  hot  flow  periods  in  the  regenerator. 
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and  1%,  are  the  absolute  values  of  the  mass  flow  rates  into  the  regenera¬ 
tor  at  the  cold  and  warm  ends,  and  t  is  time,  The  denominator  can  be 
simplified  if  the  system  operates  at  constant  pressure  or  the  gas  in  the 
system  is  assumed  to  be  ideal,  because  enthalpy  for  an  ideal  gas  depends 
only  on  temperature.  Mass  flows  at  each  end  of  the  regenerator  for  a 
compressible  fluid  are  not  equal;  thus,  for  convenience  the  mass  flow- 
measurement  is  referenced  to  the  cold  end  of  the  regenerator.  Equation  (6) 
can  then  be  simplified  to 

jitihrdt  (7) 

X  =  mlh(T0)  - h(TL ) ) 


where  m  is  the  total  mass  of  gas  that  flows  in  one  half  of  the  cycle  at 
the  cold  end  of  the  regenerator.  Substituting  heat  capacities  into  Eq .  (7> 

results  in 

jrhCpTdt  (8) 

X  ’  7r  [ Cp(Tp)  Tv-Cp (  Tl)  Tl)  ’ 


If  a  mean  or  constant  value  of  Cp  is  assumed,  Eq .  (8)  reduces  to 


jrtiTdt 

m&T 


(9) 


where  AT  is  defined  as  Ty  -  Ti_.  For  an  ideal  gas,  the  heat  capacity  is 
independent  of  temperature  and  pressure.  The  numerator  of  Eq .  (9)  can  be 
measured  anywhere  in  the  regenerator.  It  is  convenient  m  the  apparatus 
being  used  to  measure  it  at  the  cold  end  of  the  regenerator. 

Equations  (5)  and  (9)  suggest  two  different  ways  in  which  the 
ineffectiveness  of  the  regenerator  can  be  evaluated.  The  numerator  of 
Eq .  (5)  can  calculated  if  the  heat  load  at  the  cold  end  of  the  regenerator 

can  be  measured.  Tne  numerator  of  Eq .  (9)  can  be  determined  if  instanta¬ 

neous  measurements  of  the  mass  flow  rate  and  temperature  in  the  regenera¬ 
tor  can  be  made.  The  maximum  possible  heat  transfer  rate  can  be  calculated 
from  the  known  boundary  conditions  and  the  measurement  of  the  instanta¬ 
neous  mass  flow  rates  over  one  cycle.  In  this  study,  for  comparative 
purposes,  the  ineffectiveness  is  calculated  using  both  relations. 

DISCUSSION 

The  enthalpy  flow  in  the  regenerator  can  be  measured  directly  with 
the  apparatus.  This  is  achieved  with  the  use  of  laminar- flow  heat 
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exchangers  called  isothermalizers.  These  are  placed  between  the  cold  ends 
of  the  regenerator  and  pulse  tube1  (see  Fig.  1).  The  isothermalizers  are 
immersed  in  liquid  nitrogen  baths  which  isolate  the  excess  enthalpy  fl.-w 
in  the  regenerator.  This  <  ithalpy  flow  is  monitored  by  measuring  the 
increase  in  the  boil-off  rate  from  the  liquid  nitrogen  bath.  A  water- 
cooled  heat  exchanger  at  the  warm  end  of  the  regenerator  and  the 
isothermalizer  regulates  the  entrance  conditions  at  both  ends  oi  the 
regenerator.  Absolute  pressure  is  also  monitored  at  the  warm  ends  of  the 
regenerator  and  the  pulse  tube. 

The  mass  flow  rate  at  the  cold  end  of  the  regenerator  is  determined 
experimentally  by  two  different  techniques.  One  method  allows  determina¬ 
tion  of  the  mass  flow  rate  from  the  pressure  drop  across  the  isothermal¬ 
izers  and  from  the  absolute  pressure.  The  other  method  utilizes  constant 
temperature  anemometry . 7  This  technique  infers  mass  flow  rate  from  the 
measurement  of  the  heat  transfer  from  a  heated  wire.  However,  constant 
temperature  anemometry  is  sensitive  to  temperature  changes  and  requires 
corrections  for  any  temperature  fluctuations.  Therefore,  temperature  is 
measured  close  to  the  anemometer  with  a  resistance  thermometer.8  Both  the 
anemometer  and  the  resistance  thermometer  are  constructed  from  4  pm 
platinum-coated  tungsten  wire.  The  wires  are  supported  by  specially 
designed  probes  inside  the  3  mm  stainless  steel  tubing  connecting  the 
regenerator  to  the  pulse  tube  (see  Fig.  2).  The  anemometer  has  a  response 
time  of  approximately  20  us  while  the  resistance  thermometer  has  a 
response  time  of  approximately  260  ps  .  Such  fast  responses  provide  excel¬ 
lent  resolution  of  the  mass  flow  rate  and  temperature.  These  measurements, 
in  turn,  permit  evaluation  of  the  effectiveness,  number  of  transfer  units, 
pressure  drops,  and  friction  factors  in  the  regenerator.  Initia. 
regenerator  ineffectiveness  values,  calculated  from  Eqs .  (3)  and  (9),  as 


Fig.  2.  Thotograph  of  the  modified  tungsten  resistance  probe  and  the 

modified  vacuum  fitting. 
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well  as  Che  uncalibrated  output  from  the  anemometers  are  provided  in  the 
following  section. 


RESULTS 

The  test  apparatus  with  helium  as  the  working  fluid  was  operated  at 
a  mean  pressure  of  2.2  MPa.  The  warm  end  of  the  regenerator  was  cooled 
with  water  tc  290  K  and  the  cold  end  of  the  regenerator  was  cooled  to 
liquid  nitrogen  temperatures.  For  these  operating  conditions  helium  gas 
closely  follows  ideal  gas  behavior  and  the  assumptions  leading  to  Eq .  (9) 
are  valid.  The  compressor  supplying  the  oscillating  pressure  in  the 
refrigerator  has  a  swept  volume  of  23  cm"'  and  was  run  at  7.0  Hz.  The  test 
regenerator  was  100  mm  long  and  was  constructed  from  304  stainless  steel 
tubing  with  a  diameter  of  15.9  mm  and  a  wall  thickness  of  0.3  mm.  The  heat 
storage  matrix  in  the  regenerator  was  made  from  stacked  disKS  of  304 
stainless  steel  wire  cloth  woven  from  0.053  mm  diameter  wire.  The  wire 
cloth  has  7.9  openings  per  millimeter.  The  porosity  of  the  matrix,  defined 
as  the  matrix's  open  cross  sectional  area  divided  by  the  regenerator  cross 
sectional  area,  is  0.63.  The  orifice  is  an  adjustable  metering  valve  and 
was  opened  three  turns . 

A  plot  of  dynamic  mass  flow  rate  as  calculated  from  the  pressure 
drop  across  the  isothermalizer  and  the  gas  temperature  at  the  cold  end  of 
the  regenerator  is  presented  in  Fig.  3.  The  total  mass  moved  through  the 
cold  end  of  the  regenerator  during  one-half  cycle  was  4.8  mg.  The 
additional  liquid  nitrogen  boil-off,  due  to  the  passage  of  gas  through  the 
isothermalizer,  was  0.827  mg/cycle.  This  boil -off  represents  an  average 
heat  load  rate  of  1.1  W.  With  assumptions  of  fixed  boundary  temperatures 
(the  upper  end  cooled  with  water  to  290  K  and  the  lower  end  at  80  K,  from 
an  average  value  of  Fig.  3)  and  constant  heat  capacity ,  the  ineffective¬ 
ness  of  the  regenerator  was  computed  to  be  0.032  using  Eq .  (5). 

In  Fig.  3  negative  flow  rates  represent  gas  flowing  out  of  the  cold 
end  of  the  regenerator  and  positive  flow  rates  represent  gas  flowing  into 
the  cold  end  of  the  regenerator.  The  plot  shows  conclusively  that  the 
temperature  of  the  fluid  flowing  into  the  regenerator  is  not  isothermal  as 
was  originally  assumed.  Heating  and  cooling  jumps  of  the  gas  occur  shortly 
after  the  flow  reversal  at  the  cold  end  when  the  mass  flow  rate  is  low. 
These  are  due  to  the  non-negl igible  void  volume  of  the  connecting  tubing. 
The  "jumps  are  linked  by  relatively  isothermal  regions  that  fluctuate 
approximately  only  ±0.5  K.  .Multiplying  the  mass  flow  rate  by  the 
temperature  and  integrating  the  product  ovir  a  cycle  allows  evaluation  of 
the  numerator  in  F,.  (9...  The  ine f fee t iven  ss  calculated  thus  is  0.0097, 
a  factor  of  three  iow<  r  ‘mu  the  previous  calculation.  This  disagreement 
between  values  oi  effect:!-  ness  needs  further  investigation.  The  dynamic 
enthfllpv  f  luc?  uat.i  on,  ca  oulated  by  multiplying  the  above  product  by  the 
heat  capacity  is  show  in  Fig.  U.  The  average  enthalpy  rate  from  this 
plot  is  0.35  W.  again  tower  by  a  factor  of  three  than  that  calculated  by 
the  boil-off  method 

Figure  5  shows  the  simultaneous  output  of  the  voltage  from  the 
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the  regenerator. 


189 


anemometer  and  the  absolute  value  of  the  mass  flow  rate  as  functions  of 
time.  This  plot  reveals  the  fast  response  of  the  anemometer  and  its 
capability  of  resolving  turbulence  in  the  3  mm  tubing  following  the 
regenerator.  A  comparison  of  the  maximum  and  minimum  outputs  for  the  two 
different  sensors  shows  a  phase  discrepancy  between  the  flow  readings.  The 
minimum  anemometer  voltage  output,  representing  zero  flow,  is  not 
constant.  This  is  attributed  to  fluctuations  in  temperature  at  the  sensor 
and  clearly  demonstrates  the  need  for  temperature  measurement  for  correc¬ 
tion  of  the  readings  from  the  anemometer  as  well.  Figure  6  shows  the 
measured  absolute  pressure  at  the  warm  ends  of  the  regenerator  and  pulse 
tube  and  the  difference  between  these  two  pressures. 

CONCLUSION 

Real-time  measurements  of  the  important  operating  parameters  in  an 
orifice  pulse  tube  refrigerator  have  been  achieved.  Initial  measurements 
have  yielded  a  value  for  the  ineffectiveness  of  the  regenerator  during 
actual  refrigerator  operation.  A  more  careful  comparison  of  the  boiioff 
and  instantaneous  enthalpy  flow  methods  for  measuring  ineffectiveness 
needs  to  be  performed.  The  measurements  also  allow  evaluation  of  the 
dynamic  pressure  drop  and  friction  factor  in  the  regenerator. 


TIME.  <s! 


Fig.  5.  Simultaneous  output  of  the  voltage  from  the  anemometer  and 

the  absolute  value  of  the  mass  flow  rate  as  calculated  from 
the  pressure  drop  across  the  isothermal  iter  at  the  cold  end 
of  the  regenerator  as  functions  of  time. 
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Fig.  6.  Absolute  pressure  at  the  warm  end  of  the  regenerator  and 

pulse  tube  and  the  difference  of  these  two  pressures  as 
functions  of  time. 
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ABSTRACT 

A  concept  is  discussed  for  inexpensive  and  durable  composite  materials  for 
regenerator  applications  which  have  specific  heats  equivalent  to,  or  larger  than,  the 
recently  developed  Er-based  alloys.  These  composites  involve  loading  powders  of 
spin-frustrated  magnetic  spinels  into  a  cesium  iodide  matrix.  Powders  are  used 
because  a  grain-size  effect  broadens  the  very  large  specific  heat  maxima  of  the 
spinels.  Additionally,  the  specific  heat  maxima  of  the  spinels  can  be  temperature- 
shifted  by  doping.  Thermal  data  on  the  spinels  and  Csl  are  presented.  Cesium 
iodide  was  chosen  for  its  metallic-like  thermal  conductivity  at  low  temperatures 
and  for  its  ease  of  fabrication. 


INTRODUCTION 

The  volumetric  specific  heat  of  the  regenerator  matrix  material  plays  a 
crucial  role  in  determining  the  power-temperature  characteristics  of  regenerative 
cryocoolers.1  Such  cryocoolers  operating  in  the  He-tcmperature  range  and  using 
Pb  spheres  in  the  regenerator  are  widely  used  in  cryopumps,  shield-cooling  of 
MRI  magnets,  etc.  However,  the  specific  heat  of  Pb  decreases  rapidly  below 
about  15  K,  in  contrast  to  the  specific  heat  of  pressurized  He  gas.  As  a  result, 
the  power-temperature  curves  of  these  cryocoolers  also  decrease  rapidly  below 
this  temperature. 

The  Gd-Rh  alloys  have  larger  specific  heats  than  Pb  below  15  K  and  were 
introduced  iri  1975  as  potential  regenerative  materials.2  However,  these  alloys 
arc  very  expensive  and  difficult  to  fabricate.  More  recently,  researchers  in  Japan 
have  developed  Er-based  alloys  for  regenerator  applications.7  These  ailoys  can 
be  fabricated  into  spheres7  which  result  in  improved  regenerator  efficiencies 
compared  to  Pb  spheres.4  Although  these  Er-based  alloys  arc  less  expensive  than 
the  Gd-Rh  alloys,  materials  costs  are  still  high,  and  brittle-fracture  problems 
have  ecn  observed  in  regenerator  operation.5 


This  paper  describes  a  new  ceramic-composite  approach  to  regenerator 
materials.  The  volumetric  specific  heats  of  these  composites  may  be  considerably 
larger  than  those  of  the  Er-based  alloys  ir.  certain  temperature  ranges  below  15 
K,  and  materials  costs  are  about  50  times  smaller. 

CERAMIC-COMPOSITE  MATERIALS 

The  ceramic  materials  central  to  this  approach  have  two  phases;  the  major 
phase  is  a  chromite  spinel  exhibiting  a  high  degree  of  spin-frustration,  which 
contributes  to  a  very  large  specific  heat.  The  minor  phase  promotes  ceramic 
formation,  which  otherwise  does  not  occur.  Inexpensive  oxide  powders  are  used 
to  make  these  materials. 

Applied  programs  aimed  at  the  enthalpy-stabilization  of  Nb,Sn  6  and  of 
NbTi,7  as  w'ell  as  fundamental  physics  studies  of  spin-frustration,8  have  been 
based  on  these  ceramics.  Following  the  usage  in  these  previous  programs,  these 
ceramics  aie  here  designated  as  “SCIC*  and  "SCID”. 

Volumetric  specific  heat  data  for  the  SC1C  and  SC1D  ceramics  arc 
compared  in  Fig.  1  tc  data  for  the  Er-based  alloys,  GdRh,  and  Pb.  These 
ceramics  have  very  large  specific  heat  maxima  (~1.5  MJ  m-3  K-i)  at  8  and 
10.7  K,  respectively,  which  are  independent  of  fields  up  to  15  T.6 

The  temperatures  of  the  specific  heat  maxima  of  these  ceramics  can  be 
shifted  by  doping,  and  an  example  of  this  is  showm  in  Fig.  1  for  a  doped 

SC1C  ceramic  (6.3  K).  The  dopants  V,  Mo,  and  Gd  are  effective  in  raising  the 
peak  temperature  of  SC  ID  about  3.5  K.8 


^  ;k: 

Fig.  1.  Volumetric  specific  heat  data  for  the  SC1C  and  SC1D  ceramics  in  bulk 
form  compared  to  GdRh,  Pb,  and  two  of  the  Er-based  alloys.  An 
example  of  2%  Fe-doping  in  the  SC  1C  ceramic  is  also  shown. 


Although  no  studies  have  yet  been  made  of  these  ceramics  as  regenerator 
materials,  a  large  specific  heat  database  exists  on  these  ceramics  under  different 
conditions.6-8  Examples  of  some  volumetric  specific  heat  data  from  these  earlier 
programs  are  collected  in  Fig.  2  compared  to  GdRh.  For  the  ceramics  shown  in 
Fig.  2  the  specific  heat  maxima  range  from  0.25  MJ  m-3  K'1  at  5.9  K  to 
3.0  MJ  in  3  K  ’  at  12.3  K  (truncated  in  Fig.  2,  sample  e). 

Of  particular  importance  to  the  composite  approach,  it  has  been  found  that 
the  specific  heat  maxima  of  these  ceramics  can  be  “broadened”  by  grain  size 
(independent  of  doping).  An  example  of  this  broadening  is  shown  in  Fig.  2  for  a 
very  fine-grain  powder  of  SC  ID  (sample  f). 

The  SC1C  and  SC1D  ceramics  are  very  hard  and  tough  materials  from 
which  small  spheres  (~  2  x  10 "4  m  diam)  can  be  made  by  a  gravel  process9  or 
other  methods.10  Therefore,  it  would  be  possible  to  use  a  series  of  the  ceramics 
shown  in  Fig.  2  in  a  “giaded”  regenerator  wherein  the  spatial  distribution  of 
the  spheres  is  cnosen  to  match  the  heat  capacity  to  the  temperature  distribution 
across  the  regenerator. 

However,  preliminary  testing  of  SC1C  spheres  in  a  regenerator5  has  shown 
time-dependent  phenomena.  This  is  due  to  the  very  small  thermal  conductivities 
of  these  ceramics,  which  limit  the  frequency  at  which  the  cryocooler  can  be 
operated.  Thermal  conductivity  dat for  the  SC1C  and  SC1D  ceramics  are 
shown  in  Fig.  3;  owing  to  the  very  large  specific  heats  of  these  ceramics  (Fig.  1) 
the  thermal  diffusivities  are  very  small  in  the  neighborhood  of  the  specific  heat 
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Fig.  2.  Examples  of  volumetric  specific  1  at  data  measured  on  ceramic  samples 
from  previous  programs  compareu  to  data  for  GdRh.  The  sample 
identifications  are:  a,  b,  and  c  are  Fe-doped  sample  of  SC1C:  d  is  a 
Nb-doped  sample  of  SC1D;  e  is  a  high-purity  SC1D  sample;  and  f  is  a 
very  fine-grain  powder  of  SC1D  (140  Angstrom). 
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Fig.  3.  Thermal  conductivity  data  for  the  SC1C  and  SC1D  ceramics  and  for  Csl 
(note  scale  break).  The  ceramics  have  very  small  conductivities,  whereas 
Csl  has  a  near-metallic  thermal  conductivity. 

maxima.  This  hinders  the  ability  to  make  use  of  the  large  specific  heats  of  these 
ceramics  in  the  regenerator  application. 

The  small  thermal  conductivities  (diffusivities)  of  these  ceramics  suggest  a 
composite  approach,  wherein  the  ceramic  powders  are  dispersed  into  a  high- 
thermal-conductivity  matrix  material  at  about  the  65  vol°/o  level  (to  insure 
connectivity  in  the  matrix  material).  This  approach  has  the  additional  benefit 
that  the  grain  size  of  the  powder  can  be  used  to  broaden  the  specific  heat 
maxima,  as  illustrated  in  Fig.  2  (sample  f). 

The  matrix  material  should  ideally  have  a  large  thermal  conductivity  and  a 
large  specific  heat,  and  small  spheres  of  the  composite  should  be  easily 
fabricated  and  durable.  Cesium  iodide  appears  to  satisfy  these  requirements. 
Thermal  conductivity  data  for  Csl"  are  shown  in  Fig.  3,  and  one  can  sec  that 
this  material  has  a  ncai -metallic  thermal  conductivity  at  low  temperatures.  The 
T3-boundary  scattering  limit  shown  in  Fig.  3  for  Csl  below  4  K  corresponds  to  a 
phonon  mean  free  path  ~  3  x  10“4  m.11  In  the  ceramic-composite  spheres 
suggested  here  this  mean  free  path  might  be  shortened  and  lead  to  somewhat 
suppressed  thermal  conductivity  values,  but  these  values  would  still  be  about  l(d 
times  larger  than  those  of  the  ceramics. 

Volumetric  specific  heat  data  for  Csl"  below  15  K  arc  compared  in  Fig.  4 
with  Pb.  This  halide  has  a  relatively  large  specific  hem  —  about  ^  to  A  ,;mes 


Fig.  4.  Volumetric  specific  heat  data  for  Csl  compared  to  Pb. 

smaller  than  Pb  on  a  volumetric  basis.  Thus  the  specific  heat  of  Csl  in  the 
composite  would  complement  somewhat  the  very  large  specific  heat  of  the 
embedded  ceramic  powder. 

The  fabrication  of  composite  spheres  using  Csl  as  the  matrix  material 
should  be  straightforward,  since  Csl  is  ductile  and  can  be  hot-pressed  to 
transparency  at  temperatures  somewhat  above  room  temperature. 

DISCUSSION 

A  concept  has  been  put  forward  here  to  embed  powders  of  the  SC1C  and 
SC1D  ceramics  in  a  Csl  matrix  to  form  composite  spheres  for  regenerator 
applications.  The  positions  of  the  specific  heat  maxima  in  these  ceramics  can  be 
adjusted  by  doping,  and  the  grain  size  of  the  powders  in  the  composite  can  be 
used  to  broaden  the  maximum  range.  The  Csl  matrix  has  a  large  thermal 
conductivity,  a  complementary  large  specific  heat,  and  is  ductile  enough  to  be 
fabricated  by  standard  ceramic  techniques  near  room  temperature. 

Both  the  thallous  and  cesium  halides  have  large  thermal  conductivities  and 
specific  heats  at  low-  temperatures,  but  Csl  has  the  largest  thermal  conductivity.11 
Moreover,  Csl  is  the  least  expensive  of  these  halides  and  is  non-toxic.  Cesium  iodide 
is  also  favored  from  a  hardness  viewpoint,  since  in  general  the  compressibility 
varies  as  the  inverse  square  root  of  the  Debye  temperature12  and  the  cesium 
handes  have  larger  Debye  temperatures  (“MSO  K)  than  the  thallous  halides 
(~I00  K)11  or  pk  (SO  IC) . ' ~ 
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In  this  paper  it  was  assumed  that  thermal  resistance  between  the  ceramic 
grains  and  the  Csl  matrix  in  the  suggested  composites  will  be  minimal. 

However,  there  is  some  evidence  that  a  Kapitza  thermal  resistance  can  occur  at 
the  interface  between  dissimilar  solids  at  temperatures  as  high  as  15-20  K  due  to 
acoustic-impedance  mismatch.13  Testing  will  be  needed  to  determine  if  such  a 
mismatch  exists  in  the  composites  suggested  here. 

Finally,  enhancements  in  the  specific  heat  at  low  temperatures  have  been 
observed  in  metals  at  very  small  particle  sizes,14  and  these  enhancements  may 
also  play  a  role  in  the  powders  embedded  in  the  composites  discussed  here. 

In  conclusion,  the  composites  suggested  here  as  regenerator  materials  may 
involve  low  materials  costs,  inexpensive  fabrication  methods,  and  larger 
regenerator  heat  capacities  than  are  possible  with  either  the  GdRh  or  Er-based 
alloys.  Research  is  needed,  however,  on  the  grain-size  dependence  of  the  specific 
heats  of  the  ceramics  and  on  the  low-temperature  thermal  properties  of  the 
composites. 
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ABSTRACT 


Stirling-oyde  cryocoolers  arc  accurately  modeled  with  a  one-dimensional  iinite- 
— ,i,>  _ _  f  t  T\rDC  ....  i  . . .  pi  on 

umuii-iiM  v-wul  uaild  u  o.  ciilu  v\  mi  an  <iujuilvi-  juw^icllii  Ob'.'i  . 

which  stands  for  GLimps  Optimization.  GLOP  is  new,  but  GLIMPS  has  been  in 
commercial  use  for  a  number  of  years.  Both  programs  run  on  a  personal  computer. 
The  GLIMPS  cycle  analysis  includes  realistic  heat  transfer  and  pressure  drops  in  the 
heat  exchanger  as  well  as  a  number  of  parasitic  loss  calculations  such  as  displacer 
leakage,  shuttle  heat  transfer,  cylinder-wall  conduction,  etc.  The  GLOP  optimiza¬ 
tion  driver  can  maximize  efficiency  (or  any  other  objective  function)  subject  to  an 
arbitrary  number  of  equality  or  inequality  constraints.  In  practice,  GLOP  litis  pro¬ 
duced  designs  for  conventional  one-  and  two-stage  Stirling  coolers  and  an  orifhe 
pulse-tube  cooler.  Some  of  these  desig;  have  been  fabricated  and  tested. 


OPTIMIZATION  IN  GENERAL 

A  simple  quadratic  function  of  two  variables  f(x.y)  might  generate  a  surface  as 
shewn  in  figure  1.  In  unconstrained  optimization  we  seek  the  point  (.?■,  y)  for  which 
/  is  minimum.  The  function  f  is  called  the  objective  function. 

In  constrained  optimization  we  still  seek  the  minimum  /  but  restrict  the  search 
domain  using  equality  constraints  of  tie'  form  epr.i/j  —  0  or  inequality  constraints 
of  the  form  n.r,j/)  >  0  .  Foi  example,  tigure  2  shows  the  view  from  above  at  the 
quadratic  objective  function  /(.r.y)  =  2(jj  -  xy  4-  id)  4-  Gj.  subject  to  the  lineal 
inequality,  constraint  x  4-  y  >  —  1. 
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Figum  3  Level  nu  vi>  foi  ii  j > ; 1 1 hologna!  objective  function  —  unlike.  we  hop-  .  a 
Stirling  objective  function. 
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can  no  longci  visualize  the  piuhlcm  so  easily,  hut  the  mat heniat ieai  technique-  lm 
solving  the  problem  are  readily  extended. 

In  opt  imiz.ing  st  irhiig  cryocoolcrs  we  are  faced,  with  a  ol >jret ivc  funet ion  of  many 
independent  variables  and  usually  several  complicated  constraints.  Tin-  independent 
or  opinnxzatu) n  variables  are  tilings  hk<'  geometrical  specifications.  teui])eratuies, 
pressure  and  frequency.  The  objective  function  may  be  something  like  '  cliicicncy" 
or  "coefficient  of  performance",  both  of  which  are  a  good  deal  more  complicated 
than  a  simple  quadratic  function  of  the  optimization  vaiiaon’-.  And  the  constraints 
may  range  from  simple  matters  like  “frequency  equals  GO  11/  .  to  nonlmen;  intern- 
la! Kinships  among  variables  like  “net  heat  lifted  equals  1  \\  .  Problems  of  t Ins  sort 
ate  known  in  optimization  parlance  as  iinicnil  nonlntcar  prn^rintimnii)  ]>rniilrin.<. 


The  question  a 


Does  a  typical  Stirling  object.  >c  function  look  smula:  to  me 
quadratic  function  in  figure  1.  or  does  it  look  more  like  the  pathological  function  in 
figure  3':’  If  the  lattei,  we  are  surely  doomed.  Fortunately,  tin  answer  is  that  Stirling 
objective  functions  tend  to  look  more  like  figure  1.  1  hi  j  me  by  no  means  simple 
quadratic  functions,  but  them  is  generally  onh  one  peak  to  climb.  The  mason  foi 
this  is  that  the  optimization  variables  tend  to  elusiei  in  small  subsets  of  tightly  con 
pled  variables  with  only  loose  coupling  between  subsets.  For  example,  dimensions 
foi  individual  heat  exchangers  tend  to  be  tightly  coupled  to  other  dimensions  tor  the 
same  heat  cxchangei .  hut  loosely  coupled  to  dimensions  loi  other  heat  exchanger.-. 


in  to  overall  system  dimensions  like  frequency  ni  i'iism-jc.  The  upshot  o!  this  i- 
that  Stirling  optimizations,  while  not  trivial,  are  not  all  that  dtilicul?  either. 

THE  STIRLING  MODEL 

1  lie  first  requirement  of  optimization  is  lor  a  mathematical  model  to  lepiesent 
the  physical  system  to  he  optimized  —  in  this  case  a  Stirling  cooler.  The  require¬ 
ments  for  this  model  are  that  it  he 

1.  Precise  and  repeatable 

12.  Reasonably  fast 

X  including  all  significant  phenomena 

1  lie  lea.-on  for  the  first  requirement  is  that  optimization  drivers  are  confused  by 
noise  in  tin'  objective  function  oi  constraint  calculations.  Prmsuni  here  is  used  ii: 
the  sense  of  minimum  random  fluctuation  when  the  model  is  evaluated  fot  nearby 
points,  rather  than  the  sense  of  absolute  accuracy  and  fidelity  to  the  physics.  Accu¬ 
racy  and  fidelity  are  par?  e.f  Lie  third  requiteincnt  which  is  necessary  if  tin’  optimiza¬ 
tion  driver  is  to  avoid  untrn;,  >fT  into,  a  region  of  the  seaich  domain  whole  omissions 
m  the  model.  pieviovdy  thought  to  he  minor,  grow  to  catastrophic  proportions. 

I  use  the  commercially  available  GL1MPS  Stirling  simulation  model  for  my  op¬ 
timization  work.  This  choice  is  not  entirely  surprising  since  I  wrote  the  code,  hut 
it  does  seem  to  do  a  good  job  meeting  the  above  requirements,  and  it  has  been 
in  use  long  enough  that  its  performance  on  a  wide  range  of  Stirling  devices  is  well 
understood  and  documented. 

The  GLIMPS  simulation  algorithm  is  described  in  detail  in  reformer  1.  h: 
broad  stiokes  it  is  a  personal-computer  based  tinite-ditlcrcnce  solution  of  tin*  one 
dimensional  compressible  gasdynaunc  equations  plus  the  regeneratoi  matiix  solid 
energy  equation.  GLIMPS  uses  empirical  fm  mutations  foi  friction  factors  and  heat 
transfer  coefficients  in  the  Stirling  heat  exchangers  as  well  as  the  expansion  and 
compression  space.  1  lie  program  derives  its  name  from  a  loose  acronym  of  "globally 
implicit  simulation”  which  reins  to  its  solution  method  whereby  all  space  and  time 
’.■odes  of  the  computational  gild  are  solved  simultaneously  in  light  of  a  tiuu  -pei  iodic 
houndary  condition.  This  tcatuie  allows  GLIMPS  to  avoid,  the  error  intioduced 
by  the  regenerator  matrix  slowly  evolving  to  thnmal  equilibrium  —  but  neve; 
quite  getting  there  —  which  plagues  conventional  time-stepping  solution  method;-. 
The  GLIMPS  code  comprises  several  separately-compiled  and  distinct  Pascal  amt 
winch  may  be  linked  together  m  varum*-  ways  -  a  sort  of  hbraiy  of  Stirling  -model 
.subroutines  from  which  one  may  Irrelv  diaw. 


The  GLIMPS  model  also  includes  a  postprocessing  stage  wherein  loss  mech¬ 
anisms  and  features  external  to  the  Stirling  working  gas  may  be  factored  into  the 
objective  function.  This  ability  is  very  important  in  optimizations  where  the  internal 
Stirling  cycle  is  typically  only  a  small  part  of  a  larger  system.  Most  postprocessing 
needs  are  met  by  calls  to  a  library  of  external-loss  subroutines,  another  Pascal  unit. 
Within  this  loss  library  are  routines  for  calculating: 

•  Heat  leakage  down  cylinder  walls 

•  Gas  leakage  through  seals  between  various  spaces 

•  Displacer  shuttle  heat  transfer 

•  Displacer  appendix  gap  enthalpy  losses  due  to  pressure  induced  pumping  and 
seal  leakage 

•  Gas  spring  hysteresis  loss 

•  Pumping  loss  in  split -cycle  connecting  1  lies 

•  Secondary  fluid  performance  for  plain-tube  as  well  as  shcll-and-tube  heat  ex¬ 
changers 

•  Fin  efficiency  for  finned  heat  exchangers 

•  Dynamic  force-balance  analysis  for  free  (non-kincmatic)  pistons  and  displacers 


THE  OPTIMIZATION  DRIVER 

Tin  ■  second  requirement  for  optimization  is  a  controlling  program  to  drive  the 
optimization  process.  The  driver  I  use  is  based  on  a  sequential  quadratic  pro¬ 
gramming  method  developed  by  M.  J.  D.  Powell*.  The  Powell  method  solves  the 
general  nonlinear  programming  problem  as  a  sequence  of  quadratic-programming 
subproblems  (quadratic  objective  function  and  linear  constraints).  The  idea  is  that 
in  a  localized  region  about  am  point  in  the  search  domain,  a  nonlinear  problem 
icsembles  a  quadratic  program  ug  problem  Powell  shows  how  to  use  information 
from  the  actual  nonlinear  problem  to  define,  and  successively  refine,  a  sequ<  nee  of 
approximate  quadratic  problems,  the  solutions  of  which  converge  to  the  solution  of 
the  general  nonlinear  pioblem. 

Powell  leaves  the  choice  of  quadratic  programming  solver  unspecified.  After  a 
review  of  the  hteratme.  1  selected  the  dual-space  method  for  strictly  convex  prob¬ 
lems  developed  by  D.  Geidfail  md  A.  Idnani  V  They  specifically  recommend  use 
of  their  method  with  the  Powei,  algorithm  and  report  good  periormauce. 
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I  courd  tin.'  Powell  method  as  well  as  the  Goldfarb  and  Idnani  quadratic  pro¬ 
gramming  method,  from  scratch  in  Pascal  as  a  number  of  separate  program  units 
which  are  linked  together  with  units  from  the  GL1MPS  model  into  a  complete 
executable  program.  I  refer  to  the  combination  of  the  GLIMPS  model  and  the 
optimization  drivers  as  GLOP,  which  stands  for  GLIMPS  optimization.  GLOP 
runs  under  MS-DOS  on  a  personal  computer  and  can  efficiently  dispatch  problems 
comprising  up  to  about  thirty  optimization  variables,  with  up  to  about  the  same 
number  of  combined  equality  and  inequality  constraints. 

GLOP  is  structured  for  ease  of  use  yet  flexibility.  All  the  code  which  has  to 
do  with  the  optimization  driver  and  GLIMPS  model  is  fixed  in  a  number  of  pre 
compiled  units.  The  code  which  has  to  do  with  those  aspects  of  tin  problem  specific 
to  the  particular  machine  being  optimized  resides  in  a  separate,  relatively  simple, 
program  unit  known  as  the  machine.- specific  unit.  The  machine-specific  unit  is  the 
only  unit  the  GLOP  user  needs  to  modify  to  customize  GLOP  to  his  particular  appli¬ 
cation.  It  has  separate  procedures  in  which  one  specifics  the  optimization  variables, 
does  postprocessing  (generally  by  calls  to  the  parasitic  loss  library),  calculates  the 
objective  functions  and  constraints,  and  appends  any  desired  output  to  the  default 
GLIMPS  output  listing.  Pascal  programming  is  required,  but  it  is  structured  and 
usually  amounts  to  making  relatively  minor  modifications  to  existing  examples. 

Although  GLOP  came  on-line  only  recently  (early  1990).  it  has  already  opti¬ 
mized  several  Stirling  coolers.  Among  these  are: 

•  A  20  K,  200  m\V,  two-stage  (stepped-displacer),  free-displacer  cooler 

•  A  Go  K.  1  \Y.  split-cycle,  free-displacer  cooler 

•  A  SO  K.  300  \Y,  split  cycle,  kinematic  cooler 

•  A  25b  K.  300  \Y,  free-displacer.  low-lift  heat  pump 

A  few  GLOP-designed  coolers  have  been  fabricated  and  tested  and  feedback  suggests 
they  are  performing  well  Of  course,  validation  and  improvement  of  the  GLIMPS 
model,  especially  in  the  sub  G5  K  realm,  is  ;m  ongoing  process. 

Nonstandard  Stirling  coolers,  like  two-stage  coolers  oi  orifice  pulse  tubes,  fall 
outside  the  standard  GLIMPS  model.  Howevei,  they  too  can  be  successfully  mod¬ 
eled  and  optimized  within  GLOP  by  using  constraints  to  formulate  vaimus  special 
boundary  conditions  in  terms  of  stundaid  GLIMPS  variables.  More  on  tins  latej 
on. 
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Cryocoolcrs  that  are  more  non-Stirling  than  pulse  tubes  —  those  having  a  cotn- 
pletelv  alien  thermodynamic  cycle  —  cannot  be  modeled  with  GLOP.  However, 
the  optimization-specific  modules  within  GLOP  don't  care  whether  the  objective 
function  and  constraints  are  Stirling -based  or  otherwise,  and  could  be  pressed  into 
service  for  optimizing  non-Stirling  coolers.  All  that  would  be  requwed  would  be  to 
replace  the  GLIMPS  thermodynamic  model  with  the  appropriate  non-Stirling  coun¬ 
terpart.  The  optimization-specific  modules  of  GLOP  are  commercially  available  for 
this  purpose. 


THE  POWER  OF  CONSTRAINTS 


All  realistic  Stirling  system  optimizations  involve  constraints.  A  simple  system 
might  have  only  a  few.  A  complex  system  may  have  dozens.  To  give  some  idea  of 
the  nature  of  these  constraints,  what  follows  is  a  compendium  of  examples,  arranged 
in  general  categories.  All  of  these  come  from  actual  examples  formulated  at  one 
tini'-  or  another  within  GLOP’s  machine-specific  unit. 

A  typical  constraint  is  written  as  a  Pascal  expression  which  is  evaluated  as  a 
function  of  the  optimization  variables.  The  evaluation  may  involve  a  long  sequence 
of  computations  (such  as  the  GLIMPS  simulation),  but  eventually  winds  up  as  a 
real  numerical  value,  either  positive,  negative  or  zero.  The  optimization  driver  has 
the  task  of  tweaking  the  optimization  variables  to  force  the  constraint  value  to  zero, 
in  the  case  of  an  equality  constraint,  or  merely  non-negative,  in  the  case  of  an 
inequality  constraint. 

ENERGY  BALANCE 


In  most  cases,  the  net  amount  of  heat  lifted  at  the  cold  end  is  a  fixed  specification 
for  a  Stirling  cooler  optimization.  Accordingly,  a  typical  equality  constraint  might 
be: 

constraint  QnctXiui/Qrf-jutrrcl  E 

where  QT,VitTej  *s  the  fixed  target  heat  lifted  and  Q^clu a;  is  the  actual  value  computed 
by  the  thermodynamic  model.  When  the  ex ■  cession  on  the  right  evaluates  to  zero, 
the  heat  lifting  is  correct . 
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GEOMETRICAL 


The  pieces  of  a  Stirling  cooler  must  all  fit  together  geometrically.  For  example, 
the  regenerator  plus  heat  rejector  length  might  he  equal  to  the  displacer  length. 
Or  the  regenerator  frontal  area  might  be  related  to  some  other  frontal  area.  These 
sorts  of  things  may  be  formulated  as  an  equality  constraints. 

SUBSYSTEMS 


Electric  drive  motors,  secondary  coolant  loops,  springs,  etc.,  are  all  subsystems 
with  their  own  design  requirements.  Motors  may  have  a  relationship  among  speed, 
mass  and  power  output.  Coolant  loops  may  require  a  certain  fluid  mass  flov;  rate  to 
acluevo  required  performance.  Springs  must  provide  axial  and  radial  stiffness,  yet 
not  be  overstressed  or  operate  beyond  their  surge  limit.  All  these  sorts  of  things 
may  be  formulated  as  constraints. 

For  example,  a  design  may  call  for  a  spring  foi  which  the  diameter,  number  of 
turns,  etc.,  are  independent  variables.  We  can  easily  calculate  the  axial  stiffness 
A  actual  and  peak  stress  (7aetua,  ar.  a  function  of  these  variables.  Then,  by  choos¬ 
ing  two  independent  variables  as  optimization  variables  and  implementing  the  two 
constraints 

equality  constraint  =  I\artuai/ KT,vl,rcd  -  1; 

inequality  constraint  =  1  -  oac(uai/oail0wed\ 

we  can  force  the  stiffness  to  come  out  to  the  required  value  (even  if  Krrqmrrd  itself  is 
a  function  of  the  optimization  variables)  and  mtikc  sure  the  stress  does  not  exceed 
the  allowable  limit.  The  optimization  driver  does  the  work,  and  we  just  watch. 

Pressure  walls  are  another  example  of  subsystems  with  stress  constraints.  Typ¬ 
ically  we  arc  concerned  about  hoop-  or  thermal-stress  constraints.  We  may  satisfy 
these  by  selecting  the  appropriate  independent  variables  as  input  (such  as  wall 
thickness,  length.,  pressure,  etc.)  and  formulating  constraints,  as  above,  in  terms  of 
calculate  stiess  vs  allowed  cierp-i  upturn  or  fatigue  stress. 

DESIGNER  WHIMS 


We  would  like  the  objective  function  to  truly  represent  that  which  we  are  trying 
to  optimize.  But,  often,  it  fails  to  do  that  exactly.  Foi  example,  we  may  specify 
mathematically  that  our  goal  is  to  optimize  efficiency,  but  regenerator  cost  may 
grow  unexpectedly  and  become  an  important  issue.  Rathe:  than  taking  the  trouble 
to  formulate  an  objective  function  that  encompasses  our  ultimate  goal  much  as: 
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"maximize  efficiency  but  trade-off  one  efficiency  point  for  every  dollar  saved  in 
regenerator  cost”,  or  11  just  make  me  rich",  or  “bring  happiness  to  the  world")  we 
usually  introduce  a  stop-gap  constraint  to  subdue  whatever  it  is  that  is  getting  out 
of  hand. 

In  this  way  we  find  ourselves  putting  arbitniry  limitations  on  piston  masses, 
displacer  lengths,  regenerator  vohune,  and  so  forth.  All  of  these  wlnms  may  he 
easily  formulated  in  terms  of  inequality  constraints. 

MODEL  LIMITS 

The  GLIMPS  model,  being  one-dimensional,  and  with  rather  coarse  compu¬ 
tational  grid,  cannot  resolve  certain  phenomena.  For  example,  it  has  no  way  of 
detecting  flow  maldistribution  in  regenerators  brought  about  by  jet  penetration 
from  tubes  or  poorly-designed  manifolds.  Nor  does  it  adequately  penalize  low  gas- 
flow  tidal  amplitudes  in  heat  exchangers  (mean-flow  amplitude  <£  heat  exchanger 
length).  Provided  we  can  formulate  constraints  to  quantify  the  things  which  we  are 
trying  to  avoid,  GLOP  will  avoid  them. 

BOUNDARY  CONDITION'S 

Occasionally  wc  run  into  a  problem  where  certain  of  the  independent  input 
variables  to  our  thermodynamic  model  are  not  independent  in  our  optimization 
problem. 

Wall  Temperature* 

A  good  example  of  this  in  the  GLIMPS  model  tire  heat  exchanger  wall  tempera¬ 
tures  which  are  normally  fixed  input  variables.  Often  the  true  fixed,  temperatures  are 
the  ultimate  source  and  sink  temperatures,  not  the  wall  temperatures.  So  we  need 
some  way  to  adjust  wall  temperatures  to  meet  our  boundary  conditions.  As  you 
may  have  suspected,  constraints  make  this  possible.  The  tiick  is  to  take  wall  tem¬ 
peratures  as  optimization  variables  for  the  sole  purpose  of  satisfying  temperature 
boundary  conditions.  For  example,  say  that  T,nurrr  is  the  fixed  source  temperature 
and  Txraii  is  the  cold-end  wall  temperature  which  we  select  as  an  optimization  vari¬ 
able.  Also  assiune  that  we  can  calculate  in  the  GLIMPS  postprocessor  A7\  the 
actual  temperature  difference  between  the  ultimate  source  and  the  wall.  Then  the 
following  constraint  will  do  the  job: 

equality  constraint-  =  (J’,,.,,;;  -F  AT)/T,0U rr-  -  1; 


Free- Piston  Dynamics 


Another  example  of  using  constraints  to  overcome  fixed  input  variables  is  in  the 
area  of  free-piston  or  free-displacer  dynamics.  Some  Stirling  coolers  forgo  kinematic 
linkages  in  favor  of  spring-supported  components  self-driven  by  gas  forces.  In  such 
cases,  the  amplitudes  and  phase  angles  of  the  moving  parts  depend  on  a  number  of 
variables  like:  component  masses,  spring  dimensions  and  frontal  drive-areas,  which 
we  may  take  as  optimization  variables.  We  seek  to  adjust  the  optimization  variables 
to  make  amplitudes  and  phase  angles  come  out  right.  The  guiding  principle  is  that 
Newton's  equation  of  motion  can  be  embedded  in  a  pair  of  constraints  for  each  free 
component.  By  appropriately  selecting  optimization  variables,  the  summation  of 
forces  on  the  moving  component  can  be  adjusted  to  equal  the  product  of  mass  and 
acceleration,  at  least  when  all  quantities  are  assumed  to  vary  sinusoidally. 


Pulse  Tubes 

An  orifice  pulse-tube  cooler  may  be  considered  to  be  a  Stirling  cooler  where  the 
volume  variation  in  the  expansion  space  is  determined,  not  by  a  piston  or  displacer, 
but  by  the  flow  through  the  orifice  at  the  end  of  the  pulse  lube.  Thuiefure.  pulse: 
tubes  are  fair  game  for  the  GLIMPS  model,  provided  there  is  some  way  to  insure 
that  the  expansion  space  volume  variation  is  consistent  with  the  volumetric  flow 
through  the  orifice.  Again,  constraints  make  this  possible.  The  trick  is  to  take 
the  expansion  space  volume  amplitude  and  phase  angle  as  optimization  variables. 
Then  one  can  calculate  the  difference  between  the  volumetric  flow  rate  at  the  actual 
expansion  space  endpoint,  and  that  through  the  orifice  as  calculated  from  its  velocity 
vs  pressure-drop  relationslup.  Expressing  the  amplitude  and  phase  of  the  difference 
as  two  equality  constraints  allows  GLOP  to  force  the  difference  to  zero. 

Two-  St  age  Coolers 


It  is  even  possible  to  use  constraints  to  match  up  boundary  conditions  for  the 
first  and  second  stage  of  a  two-stage  cooler.  Normally  GLIMPS  models  just  a  sin¬ 
gle  compression  and  expansion  space.  A  two-stage  cooler,  typically  realized  by  a 
stepped  displacer,  has  an  intermediate  expansion  spare  at  an  intermediate  temper¬ 
ature.  This  sort  of  device  may  he  modeled  by  running  successive  GLIMPS  simula¬ 
tions  where  the  intermediate  expansion  space  is  the  expansion  space  of  the  first-stage 
model  and  the  compression  space  of  the  second-stage  model.  This  requires  matching 
of  interstage  gas  temperatures,  pressure  and  mass  flow  rate  amplitudes  and  phases, 
and  overall  energy  balance.  Without  going  into  the  cumbersome  details,  equality 
constraints  make  it  possible. 


OFF-DESIGN  MAPPING 


After  a  design  point  is  optimized,  one  often  wants  to  investigate  off  design  per¬ 
formance  —  at  off-design  frequency,  temperature,  etc.  This  is  a  separate  use  of 
GLOP  compared  to  pure  optimization.  Satisfying  constraints  remains  important, 
but  the  objective  function  is  a  dummy  and  has  no  effect  on  the  outcome.  Usually 
many  of  the  constraints  that  were  in  place  during  the  optimization  process  continue 
to  hold  —  free-piston  constraints  and  temperature  boundary  conditions,  for  exam¬ 
ple.  Sometimes,  however,  the  constraints  are  different.  For  a  hermetically  scaled 
system,  the  mean  gas  pressure  may  vary  as  a  function  of  source  or  sink  temperature. 
The  condition  that  total  system  mass  be  constant  governs  the  mean  pressure  in  this 
casts  In  either  case,  equality  constraints  make  it  happen. 


TYPICAL  OBJECTIVE  FUNCTIONS 

Like  the  constraints,  the  objective  function  winds  up  in  the  GLOP  machine 
specific  unit  as  a  Pascal  expression.  Evaluating  tins  objective  function  typically 
requires  the  full  resources  of  the  GLIMPS  simulation  plus  postprocessing,  but  even¬ 
tually  returns  as  a  real  numerical  value.  The  optimizatio;  lrivcr  continually  adjusts 
the  optimization  variables  in  order  to  minimize  the  objective  function  subject  to 
the  active  constraints.  That  it  minimizes,  rather  than  maximizes,  the  objective 
function  is  no  restriction  since  a  minus  sign  converts  a  maximization  problem  to  a 
minimization  problem. 

A  typical  objective  function  might  be: 

lnmmnzo  —  II  input 

where  irinpu(  is  the  net  mechanical  work  input  after  parasitics  and  lUri0.„,  is  the 
fixed  rough  expected  value  which  serves  to  normalize  the  result  to  the  order  one. 
Important  for  this  particular  objective  function  would  be  that  net  heat  input  be 
fixed  by  way  of  an  equality  constraint  . 

An  objective  function  may  get  as  complicated  as  required.  The  only  restrictions 
are  that  it  be  computable,  reasonably  smooth  and  have  a  minimum  value  (subject 
to  the  constraints).  For  example,  an  objective  might  he  to  minimize  manufacturing 
cost .  or  size,  or  a  combination  of  the  two.  However.  I  have  found  it  good  practice 
to  keep  the  objective  simple,  and  resolve  cost,  and  iz.e  issues  by  way  of  inequality 
constraints. 


213 


TYPICAL  OPTIMIZATION  VARIABLES 


Any  input  variable  to  the  GLIMPS/post processor  model  is  fair  game  as  an 
optimization  variable.  Typical  optimization  variables  include: 

•  Overall  system  variables  such  as  temperatures,  pressure  and  frequency 

•  Piston  and  displacci  amplitudes  and  phase  angles 

•  Cylinder  frontal  areas 

•  Heat  exchanger  dimensions 

•  Dimensions  for  secondary  heat  exchangers,  drive  motors,  springs  and  other 
subsystems 

The  choice  is  dictated  by  what  it  is  you  are  optimizing  and  the  constraints  you  must 
satisfy.  GLOP  gives  you  complete  freedom  to  choose.  Generally  speaking,  every 
active  constraint  requires  at  least  one  optimization  variable  upon  which  it  depends, 
and  reduces  the  degrees  of  freedom  in  the  search  domain  by  one. 

WORKING  WITH  GLOP 

Provided  that  the  problem  you  specify  has  a  solution,  GLOP  will  usually  find 
it.  Typical  problems  generally  require  about  an  hour  or  two  of  computing  on  a 
3SG-bascd  PC.  GLOP  generally  moves  to  satisfy  all  the  constraints  very  quickly, 
then  plugs  away  at  minimizing  the  objective  function,  rapidly  at  first,  then  more 
slowly  as  it  approaches  the  optimum. 

But  still,  optimization  remains  a  bit  of  an  art  in  spite  of  all  the  science.  That  is. 
optimization  problems  as  specified  by  humans  tend  to  produce  results  not  expected. 
The  problems  are  especially  acute  when  several  complicated  nonlinear  constraints 
come  to  bear  at  once.  It  is  entirely  possible  for  an  objective  function  having  a 
unique  minimum  in  the  absence  of  constraints,  to  have  multiple  extrema  in  the 
presence  of  nonlinear  constraints.  Nonlinear  constraints  can  carve  up  the  search 
domain  into  oddly  shaped  fragments  or  disjoint  piece's.  The  art  of  optimization 
comes  in  grappling  with  the  intcrrelationsliips  among  constraints  and  the  objective 
function  when  tilings  are  not  going  well. 

The  best  way  I’ve  found  to  deal  with  complex  problems  is  to  start  simple  and 
increase  complexity  gradually.  For  example,  rather  than  invoking  a  large  set  of 
constraints  all  tit  once,  it  is  better  to  leave  many  of  them  out  at  first,  adding  them  a 
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few  at  a  time  in  stages.  In  this  way  one  can  get  a  feel  for  the  effect  each  constraint 
has  on  the  outcome  and  be  sure  that  the  GLOP  solution  is  mcaningul. 

However,  be  it  art  or  science.  GLOP  is  a  powerful  tool.  It  is  not  trivial  to  use. 
but  neither  is  it  too  difficult  .  It  demands  some  programming  of  the  user,  but  returns 
infinite  flexibility  as  the  reward.  GLOP  optimizations  tend  to  be  self  documenting, 
structured  and  maintainable,  helping  the  designer  evolve  ever  closer  to  the  ideal 
wdiere  the  optimization  model  is  an  accurate  reflection  of  the  total  system  being 
optimized. 
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ABSTRACT 

In  both  research  and  diagnostic  laboratory  applications,  low  temperature 
refrigeration  of  living  biological  systems  and  biomaterials  is  required  to  produce 
satisfactory  preservations.  A  Stirling  cycle  cooler  has  been  developed  as  the  cooling 
source  for  such  a  biological  storage  freezer  that  will  operate  at  103  K.  The  heat 
exchange  and  control  systems  to  incorporate  this  heat  pump  into  a  unitary  appliance 
style  storage  lieezer  have  also  been  developed.  The  primary  design  challenges 
include:  achieving  the  required  performance,  life,  manufacturability,  and  cost  for 
the  cooler;  providing  a  control  and  power  conditioning  system  to  utilize  nominal  220 
V  single  phase  alternating  current  power  worldwide;  and  establishing  heat  exchange 
systems  to  uniformly  cool  a  0.23  nr  rectangular  air  space  and  dump  the  heat  to 
ambient  air  in  a  laboratory  setting.  Key  attributes  implied  by  the  product  being  an 
appliance  are:  continuous  operation  with  only  minimal  routine  unskilled 
maintenance  for  a  minimum  5  years,  aesthetically  pleasing  with  noise  and  vibration 
levels  suitable  for  an  occupied  laboratory,  and  minimal  initial  setup.  The  unique 
aspect  of  this  work  is  that  it  is  a  commercialization  of  Stirling  cycle  technology 
bringing  it  out  of  the  laboratory  or  highly  specialized  application. 


INTRODUCTION 

A  storage  freezer,  figure  1,  has  been  developed  to  operate  at  a  temperature  of 
103  K.  This  product  consists  of  three  major  assemblies:  the  heat  pump  to  provide 
the  cooling  source;  the  cabinet  and  heat  exchange  svstems  to  cie.ite  a  useable 
storage  space  cooled  by  the  heat  pump:  and  the  electrical  system  to  provide  power 
conditioning,  throttling  of  capacity,  and  monitoring  of  operation.  This  paper  w  ill 
begin  by  providing  the  overall  product  specifications  and  then  address  each 
subsystem  in  the  order  listed. 

Biomedical  laboratories,  both  reseaich  and  diagnostic,  utilize  low  temperature 
storage  of  raw  materials  and  test  products  to  provide  long  term  preservation. 

Storage  freezers  used  for  this  application  need  to  have  the  attributes  of  an 
appliance: 


1.  Unitary  in  nature.  Installation  consists  of  uncrating,  positioning,  plugging  in 
to  adequate  power  source,  and  turning  on  the  power  switch. 

2.  Operate  using  commonly  available  electricity  as  the  power  source. 

3.  Operate  continuously  for  a  minimum  of  five  years  with  only  routine  unskilled 
maintenance  required. 

4.  Aesthetically  pleasing  appearance  with  noise  and  vibration  levels  suitable  for 
an  occupied  laboratory. 

PRODUCT  SPECIFICATIONS 

Figure  1  shows  a  prototype  of  the  completed  storage  freezer.  A  Stirling  cy  cle 
heat  pump  is  used  as  the  cooling  source  for  this  storage  freezer.  Table  1  shows  the 
specifications  for  both  the  storage  freezer  and  the  heat  pump. 

THE  HEAT  PUMP  FEATURES 

The  Stirling  cycle  has  proven  itself  in  the  desired  temperature  range  with 
laboratory  size  nitrogen  liquefiers.  However,  these  Stirling  cycle  coolers  fall  short  in 
operating  life  and  exceed  cost  levels  to  allow  the  target  storage  freezer  selling  price. 

Figure  2  shows  a  completed  heat  pump  developed  for  this  application.  Figure 
3  is  a  cross-section  of  this  heat  pump.  It  is  a  form  of  the  Beale  free-piston1  integral 
Stirling  machine  with  other  associated  developments  to  provide  solutions  to  the 
noted  shortcomings  in  existing  Stirling  cycle  equipment.  Details  of  the  design  will 
be  described  in  the  following  paragraphs. 

The  expansion  and  compression  spaces  are  at  opposite  ends  of  the  displacer. 
The  heat  acceptor,  regenerator,  and  heat  rejector  are  in  a  cylindrical  shell 
configuration  about  the  displacer.  The  displacer  gas  spring  is  centrally  mounted  on 
the  warm  end  of  the  displacer.  The  fixed  end  of  this  spring  is  attached  to  the 
machine  housing.  The  compression  space  is  between  the  piston  and  displacer.  The 
linear  motor  driving  the  piston  consists  of  inner  and  outer  laminations,  coil,  and 
magnets  and  is  arranged  peripherally  around  the  piston.  The  piston  spin  motor  is 
located  centrally  to  the  piston.  The  piston  gas  spring  boundaries  are  formed  by  the 
piston  and  the  outer  laminations  and  supports.  The  most  suitable  working  fluid  for 
this  application  is  helium. 

Limits  preventing  the  indicated  life  include:  contamination  of  heat  tiansfer 
surfaces  by  oil  in  oil-lubricated  cryocoolers,  leaks  of  helium  working  fluid,  and 
mechanical  wear  of  bearing  and  sealing  surfaces.  Free-piston  configuration  with  gas 
springs2,  clearance  seals,  and  hydrodynamic  spin  bearings  on  piston  and  displacer 
are  used.  These  provide  non-contact  operation  to  eliminate  wear  other  than  that 
occurring  during  starting  and  provide  lubrication  without  oil  to  minimize  fouling 
problems.  Center  oorts^  are  used  to  locate  the  center  of  motion  of  the  piston  and 
displacer.  In  addition,  the  permanent  magnet,  high  efficiency  ,  linear  motor4-5  driving 
the  piston  allows  hermetic  sealing  of  the  heat  pump  to  provide  adequate 
containment  of  the  helium.  The  displacer  is  spun  by  turbine  fins'1  at  the  warm  end 
configured  such  that  the  helium  flow  into  the  compression  space  when  the  displacer 
is  at  the  bottom  of  its  stroke  will  flow  past  the  blades  imparting  a  spinning  torque. 
The  piston  does  not  have  the  helium  flow  characteristics  of  the  displacer  to  allow 
spin  turbines.  Tne  piston  is  spun  by  an  electric  motor  of  drag  cup  rotor  design.  This 
has  the  required  characteristics  of  low  rotor  mass  and  non-contact  operation. 


STORAGE  FREEZER 


CONFIGURATION 
OPERATING  TEMPERATURE 
STORAGE  CAPACITY 
REFRIGERATION 


POWER  SUPPLY 

DESIGN  LIFE 
AMBIENT  CONDITIONS 
OPERATING 

STORAGE 

SHIPMENT 


SOUND  PRESSURE  LEVEL 
VIBRATION  LEVEL 
PRESSURE 


GENERAL  DESCRIPTION 


WORKING  FLUID 

TOTAL  HEAT  LIFTED 

DESIGN  LIFE 
POWER  SOURCE 

COEFFICIENT  OF 
PERFORMANCE 


Chest 
10?  K 
0.226  nT 

Closed  cycle,  working  fluid  to 
be  non-flammable  and  non¬ 
explosive  at  room  temperature 
and  atmospheric  pressure 
180  to  250  V  50  or  60  Hz  single 
phase,  20  A  service 
5  Years  continuous  operation 

288  to  305  K 

10  to  95%  relative  humiditv  (rh) 
243  to  323  K 
10  to  95%  rh 

Same  ambient  as  storage;  unit  must 
withstand  shipment  by  common 
carrier. 

Maximum  NC-55  at  0.4  m  from 
freezer 

2.5  E-03  m/s  in  storage 
spucc 

Working  pressure  of  any  vessel 
in  system  to  be  less  than 

3.5  E  +  03  kPa 

HEAT  I  UMP 

Long  life  Stirling  cycle 
machine  to  provide  constant 
temperature  in  a  storage  freezer. 
Unit  to  include  mounting  interface 
for  both  heater  and  cooler  heat 
exchangers.  Unit  to  be  closed 
cycle  and  hermetically  sealed. 
Non-flammable,  nonexplosive  at 
normal  room  temperatures. 

200  W  from  100  K  to  315  K 
150  W  from  90  K  to  315  K 
5  years 

180  to  250  V,  50  or  60  Hz,  single 
phase 

309c  of  Carnot  or  greater 


Table  1.  Product  Specifications 


--  Evacuation  Port 
-  Expansion  Space 
Displacer  Assembly 
Heat  Acceptor 


-  Argon  Vapor  Return  Tube 

-  Argon  Liquid  Supply  Tube 

-  Regenerator 

-Displacer  Gas  Spring 

-  Vapor  HCFC-22  Supply 

-Heat  Rejector  Assembly 
Liquid  HCFC-22  Return 

—  Instrumentation 
Feedthrough 

- . -Compression  Space 

- —  Piston  Gas  Spring 

Inner  Laminations  j 

finding  '■  Linear 

Permanent  Magnets  ,  Driver 


Outer  Laminations 


-  Evacuat ion  Po; 

-  Pressure  Transducer 

-  Spin  Motor 


Piston  Assembly 


Electrical  Power 


V 1  bra  t ion  Absorber 
Asserab 1 v 


Feedl hrou»h 

O 


o.:ui  d. 

( diameter ) 


e  ‘.1.  Free-l’iston  Stirling  Cycle  Heat  Pump  Assembly 


Although  highly  inefficient,  the  starting  torque  can  be  supplied  with  high  power 
input  and  then  the  power  cut  back  to  provide  the  very  small  running  torque  required 
and  prevent  overheating  of  the  driver. 

Stirling  cycles  are  inherently  quiet,  but  free-piston  machines  produce  linear 
vibration  forces.  A  tuned  spring  and  mass  vibration  absorber  is  incorporated  to 
minimize  heal  pump  vibration  that  will  be  transmitted  to  the  storage  freezer. 

The  cost  goals  are  achieved  by  a  combination  of  manufacturing  engineering 
and  optimization  and  recent  materials  and  processing  developments.  In  general,  the 
individual  parts  of  a  Stirling  cycle  heat  pump  can  be  made  with  standard 
manufacturing  techniques.  However,  tne  purpose  and  requirements  of  the  parts  and 
assemblies  are  not  commonplace.  This  requires  unique  combinations  of 
manufacturing  procedures  with  close  scrutiny  of  the  assumptions  involved  with  each. 
Although  the  machine  has  two  moving  parts,  there  are  a  large  number  of  pieces 
forming  subassemblies.  Over  3500  individual  laminations  are  used  in  the  linear 
motor.  Subassemblies  were  defined  to  utilize  known  economical  manufacturing 
capabilities  and  provide  ease  of  assembly.  For  example,  the  rejector  is  made  of 
stock  pipe,  tubing,  and  plate  that  is  machined,  assembled  and  vacuum  brazed. 
Geometry  of  machined  parts  is  selected  to  allow  ease  of  fabrication.  Tolerances  are 
established  to  provide  correct  operation,  interchangeable  parts,  and  balance  over- 
precision  against  final  machining  of  assemblies.  The  primary  material  development 
is  the  Neodymium-Iron-Boron  magnets  of  2.07  F.  +  05  kJ/rrL  peak  energy  density 
used  in  the  linear  motor.  Another  important  development  is  in  the  adhesives, 
primarily  epoxies,  and  sealants.  The  main  use  of  adhesives  is  to  assemble  the 
multitude  (if  pieces  in  the  linear  motor.  The  primary  processing  development  is  in 
CNC  machining.  Most  of  the  parts  in  the  heat  pump  are  machined.  Clearance  seals 
and  hydrodynamic  bearings  require  close  tolerance  machining.  In  concept,  the  frec- 
piston  Stirling  cycle  heat  pump  is  a  pressure  vessel  with  two  moving  parts  enclosed. 
However,  to  provide  gas  springs,  reference  spaces  for  centering  ports,  and 
compression  and  expansion  spaces,  volumes  of  helium  must  be  separated  from  each 
other.  Thus,  the  pressure  vessel  requires  relatively  high  tolerance  interfaces  with 
the  internal  components.  CNC  machining  provides  this  cost  effectively,  also. 

INTEGRATION  OF  THE  HEAT  PUMP  AND  STORAGE  FREEZER 
MECHANICAL 

A  characteristic  of  Stirling  cycle  machines  is  that  the  heat  acceptor  and 
rejector  tend  to  he  small  cylindrical  structures  of  relatively  high  heat  tlux  and  in 
close  proximity  to  one  another.  As  opposed  to  a  vapor  compression  refrigeration 
system  with  compressor,  conoenser,  expansion  device,  and  evaporator  all  connected 
with  tu  Tig,  a  Stirling  cycle  neat  pump  is  a  compact  machine  enclosed  in  one 
pressure  vessel.  The  evaporator  is  replaced  by  the  heat  acceptor  and  the  condenser 
by  the  heat  rejector.  The  fluid  at  botn  the  low  temperature  heat  source  and  high 
temperature  heat  sink  in  a  storage  freezer  is.  air  with  its  notorious  heat  transfer 
shortcomings.  The  temperature  differentials  between  the  source  and  sink  should  be 
minimized  for  most  efficient  operation.  Phase  change  secondary  heal  transfer 
loops'  were  included  which  can  provide  near  isothermal  high  heat  fluxes.  Both  of 
these  have  a  reflux  evaporator  and  condenser  which  are  adaptations  of  heat  pipe 
theory  but  rely  on  grtr  -ty  to  move  the  liquid. 

The  working  fluid  selected  for  the  cold  end  is  argon.  'I  bis  temperature  is  well 
within  its  liquid-vapor  dome  with  a  saturation  pressure  approximately  450  kPa. 


Argon  is  non-flammable  and  otherwise  non-reactive  and  is  readily  available.  Its 
transport  properties  are  not  outstanding,  but  are  acceptable.  Design  temperature 
differences  are  10  K  from  air  to  argon  and  3  K.  from  argon  to  helium.  Finned  tubes, 
technology  borrowed  from  H  VAC  industry,  are  arranged  on  the  top  of  both  the 
front  and  rear  walls  of  the  storage  chamber  to  set  up  two  natural  convection  loops  as 
shown  in  figure  4.  Air  flov/  passages  are  built  into  tne  inventory'  system  supports. 

Fin  density  increases  from  top  to  bottom  so  that  the  heat  load  for  each  tube  is 
approximately  the  same  and  to  allow  space  for  frost  build  up  on  the  upper  fins.  The 
tubes  are  sloped  to  provide  gravity  distribution  of  the  liquid  argon  and  sized  so  that 
the  vapor/liquid  counterflow  stays  in  the  laminar  region  as  prescribed  in  heat  pipe 
theory.  Tlie  temperature  drop  of  a  falling  film  condenser  for  the  argon  was  three 
times  that  desired.  Augmented  condensing  surface  as  prescribed  bv  Adamak*  was 
sized  to  achieve  the  desired  temperature  difference.  Although  optimized  Adamak 
fins  can  require  1  /  15th  the  temperature  drop  of  a  falling  film,  manufacture  of  this  is 
exceedingly  difficult.  The  fins  used  are  a  compromise  to  allow  machining 
practicality  and  desired  performance.  Hie  liquid  argon  must  be  distributed  to  the 
multiple  tubes  in  appropriate  proportions.  Typical  liquid  distributors  rely  on  a 
pressure  differential  and  do  not  have  the  vapor  returning  above  the  liquid  in  the 
same  tube.  Other  than  very  small  elevation  changes,  the  argon  system  is  isobaric. 
The  liquid  argon  distributor  used  is  a  small  pool  with  evaporator  lead  tubes 
proportionally  distributed  around  the  spillway  of  the  pool. 

The  working  fluid  selected  for  the  heat  rejection  system  is  HCFC-22.  This 
also  is  nonflammable  and  otherwise  nonreactive,  has  a  reasonable  saturation 
pressure  at  the  temperatures  of  interest,  and  has  good  transport  properties. 
Arrangement  of  the  heat  rejection  system  is  shown  in  figure  5.  A  workable 
configuration  to  achieve  the  required  helium  and  HCFC-22  surface  areas  is  the  shell 
and  tube  arrangement.  Tubes  are  vertical  and  arranged  in  a  cylindrical  shell  around 
the  bottom  of  the  displacer.  Helium  flows  through  the  inside  of  the  tubes  and 
HCFC-22  liquid  surrounds  the  tubes.  The  heat  flux  is  between  evaporation  and 
pool  boiling.  The  vapor  exits  from  the  top  of  this  heat  exchanger  and  flows  up  to  a 
vertical  tube  \  ’ate  fin  heat  exchanger.  Here  the  vapor  flows  up  the  center  of  the 
tubes  and  condenses  on  the  internal  tube  surface  forming  a  falling  film  condenser. 
This  liquid  is  collected  and  flows  through  tubes  to  enter  the  bottom  of  the  shell  and 
tube  rejector.  A  blower  pulls  ambient  air  across  the  HCFC-22  condenser. 
Components  are  sized  such  that  there  is  a  5  K  temperature  difference  between  the 
helium  and  HCFC-22  liquid  and  a  15  K  difference  between  the  HCFC-22  and  the 
air. 

ELECTRICAL 

A  power  conditioning  system  was  incorporated  into  the  design  for  the 
following  reasons.  The  available  electrical  power  will  have  a  wide  range  of  voltage 
and  two  frequencies.  However,  the  performance  of  the  free-piston  machine  is  tuned 
to  a  discrete  frequency  and  the  linear  motor  stroke  is  very  dependent  on  the  input 
voltage.  Figure  6  shows  the  extent  of  electronic  hardware  required  to  allow  the 
specified  variability  in  the  power  source. 

When  the  balances  between  size,  cost,  efficiency,  anti  manufacturability  were 
considered,  45  Hz  was  determined  to  be  the  best  operating  frequency  for  this 
machine  Performance  of  free-piston  machines  is  tuned  to  one  operating  frequency  . 
Stroke  of  piston  and  displacer  in  free-piston  machines  is  not  physically  determined 
and  varies  with  operating  temperature  and  input  power  (voltage  for  a  given  motor). 


Figure  5.  Heat  Rejection  System 


mg  Electronics 


Fortunately,  the  linear  motor  does  not  require  a  sine  wave  voltage  but  can  operate 
quite  efficiently  with  a  square  wave  input  voltage.  Modern  power  electronics  can 
rectify  the  incoming  power  and  generate  a  constant  frequency  square  wave  output 
cost  effectively.  As  this  system  is  microprocessor  driven,  pulse  width  modulation 
was  added  for  the  cost  of  the  software  and  a  current  sensor.  This  provides 
compensation  for  input  voltage  fluctuation  as  well  as  power  modulation  for  both 
start  up  from  room  temperature  and  throttling  of  the  heat  pump  for  temperature 
control. 

Tile  drag  cup  rotor  motor  used  to  spin  the  piston  requires  two  phase  power  at 
32  Hz.  This  is  generated  in  the  same  fashion  as  the  linear  motor  power  with  an 
additional  phase.  Input  voltage  insensitivity  is  needed  here  also.  Input  to  this  motor 
is  power  not  necessary  for  the  thermodynamic  cycle,  but  to  provide  the  piston  spin 
creating  a  hydrodynamic  bearing.  Starting  torque  of  the  piston  is  larger  than 
spinning  torque.  Thus,  throttling  this  motor  after  startup  will  provide  the  required 
spin  and  minimize  heat  added  to  the  driver  end  of  the  heat  pump. 

With  a  microprocessor  available,  intelligent  monitoring  of  the  performance  of 
the  storage  freezer  is  available  for  the  cost  of  the  sensors  and  signal  conditioning. 
Temperature  of  the  coin  end  is  monitored  and  used  to  set  input  power  limits  during 
startup  and  to  troubleshoot  freezer  operation.  The  temperature  of  the  storage 
cabinet  is  monitored  and  used  to  set  input  power  to  the  heat  pump  in  normal 
operation.  The  temperature  of  the  vapor  HCFC-22  leaving  the  rejector  is 
monitored  and  used  to  set  condenser  fan  speed  and  to  troubleshoot  freezer 
operation.  Helium  pressure  is  monitored  to  detect  helium  leaks.  Current  to  both 
the  linear  motor  and  spin  motor  is  monitored  to  control  power  level  w  ith  the  pulse 
width  modulation  routines.  Linear  motor  current  is  also  used  in  troubleshooting  the 
freezer  operation.  With  a  troubleshooting  procedure,  the  items  discussed  can 
isolate  problems  to  specific  areas  of  the  freezer  without  disassembly.  Unfortunately, 
bv  the  time  heal  pump  performance  degrades  to  the  point  to  be  noticed  in  the  data 
taken  above,  the  moving  components  of  the  heat  pump  will  be  destroyed.  Infrared 
optical  sensors  to  detect  spinning  of  both  the  piston  and  displacer  have  been 
included  to  detect  heat  pump  problems  before  irreparable  damage  can  occur. 

STATUS 

This  project  has  followed  the  normal  fashion  of  predicting  the  number  and 
level  of  technical  risks  and  then  proceeding  to  resolve  issues  as  they  arise.  T  he 
cabinetry,  heat  exchange  systems,  controls,  and  power  conditioning  have  the  least 
rial:  and  have  proceeded  in  a  straight-forward  manner. 

The  heat  pump  has  the  highest  risks  to  success.  The  design  to  achieve  the 
required  performance  has  been  completed  and  demonstrated.  Several  areas 
relating  to  manufacturability  and  life  are  being  addressed  presently.  'Flic  input 
power  limit  to  prevent  demagnetization  in  this  application  must  be  determined 
experimentally.  Prior  to  charging  the  heat  pump  with  helium,  internal  moisture 
levels  must  be  reduced  to  a  very  low  level  for  cryogenic  temperatures.  'I  his  free- 
pi.ston  Stirling  machine  requires  individual  volumes  separated  by  orifices  or 
clearance  seals.  Thus,  practical  evacuation  is  difficult.  Procedures  combining 
vacuum  baking  of  subassemblies,  evacuation,  and  purging  arc  being  developed. 

Two  aspects  relating  to  the  precision  parts  for  clearance  seals  and  spin 
bearings  are  receiving  further  attention.  Achieving  and  maintaining  concentric  fits 
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for  the  displacer  and  ensuring  dimensional  stability  of  these  parts  is  critical  to 
preventing  wear  and  performance  degradation. 

SUMMARY 

The  development  of  a  Stirling  cycle  cooler  and  its  integration  into  a  biological 
storage  freezer  have  been  discussed.  Developments  during  the  last  several  decades 
in  Stirling  cycle  configurations  and  analysis,  power  electronics  and  microprocessor 
based  control  systems,  materials,  machining,  and  manufacturing  processes  have 
allowed  this. 
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ABSTRACT 


Much  has  been  learned  from  experience  about  considerations  that  are 
important  in  the  design  and  use  of  JT  cooling  systems.  This  paper 
presents  a  discussion  of  some  of  the  parameters  that  are  important  in 
system  design  and  operation  such  as  the  effect  of  contaminants  in  the 
gas,  heat  transfer  AT  between  the  liquid  cryogen  and  the  dewar  wall, 
dewar  thermal  effects,  temperature  stability  with  demand  flow  and  fixed 
flow  control,  and  the  use  of  selected  gas  mixtures.  Practical  aspects 
of  using  Jl  coolers  focus  on  the  gas  supply  system  and  operative 
procedures  that  are  needed  to  avoid  having  contaminants  freeze  out  and 
also  provide  long-term  reliability. 

INTRODUCTION 


Joule-Thomson  coolers  (a.k.a.  JT  cryostats)  provide  a  fast-acting  source 
of  refrigeration  by  expanding  a  compressed  gas  isenthalpically  to 
achieve  temperatures  in  the  range  of  the  gas's  saturation  pressure. 

They  ideally  lend  themselves  to  miniaturization  for  lightweight, 
portable  applications.  They  require  little  maintenance,  and  have  a  very 
long  shelf  life.  Cryostats  can  be  designed  with  a  fixed  high  flow  rate 
for  fast  cooldown  followed  by  a  short  run,  or  with  demand  flow  control 
for  moderately  fast  cooldown  and  extended  run  time.1  They  are 
essentially  vibration  and  noise  free.  Most  JT  cryostats  can  operate  in 
any  orientation,  and  in  very  severe  thermal  and  G-load  environments. 

The  JT  cryostat  typically  comprises  an  inlet  gas  connection,  a 
particle  filter,  a  counterflow  heat  exchanger,  and  a  nozzle.  It  may 
also  include  an  exhaust  gas  connection.  Strictly  speaking,  the  term 
"cryostat"  means  these  items  are  assembled  and  mounted  in  a  dewar.  The 
dewar  typically  comprises  a  vacuum-insulated  container,  having  an  inner 
containment  for  the  counterflow  heat  exchanger  and  exhaust  gas,  and  a 
"cold  end"  mounting  for  the  device  to  be  cooled. 

JT  cryostats  can  be  applied  as  open-  or  closed-cycle 
refrigerators.  Either  one  requires  a  supply  of  pure,  high-pressure 


gas.  The  open-cycle  gas  is  supplied  either  from  a  small  high-pressure 
bottle  for  portability,  or  continuously  from  a  compressor.  Conversely, 
the  closed-cycle  gas  is  recycled  from  an  initial  stored  quantity.  The 
exhaust  gas  is  directly  collected,  compressed  to  high  pressure  and 
resupplied  to  the  JT  cryostat.2  A  multi-stage  compressor  is 
required  for  the  closed-cycle  system.  This  adds  bulk,  requires 
relatively  high  input  power  and  cooling,  reduces  reliability,  and 
inhibits  fast  cooldown.  Consequently,  most  JT  cryostats  are  applied  as 
open-cycle  coolers . 


Having  a  JT  cryostat  cool  a  device  such  as  an  IR  detector  in  a 
satisfactory  manner  requires  an  understanding  of  some  of  the  problems 
that  can  be  encountered  and  the  design  and  operating  procedures  that 
have  to  be  considered  to  avoid  such  problems  .  This  paper  discusses  the 
following  factors  that  have  been  found  to  be  the  most  significant: 

•  Gas  purity 

•  Gas  supply  system 

•  Handling 

•  Temperature  stability 

•  Heat  transfer  of  liquid  cryogen 

•  Dewar  effects. 


in  addition,  a  brief  description  is  presented  on  the  general 
characteristics  of  using  a  gas  mixture. 

Gas  Purity 


The  gas  type,  supply  pressure,  ambient  temperature,  volume,  and  JT 
cryostat  design  determine  what  operating  conditions  will  result.  Most 
constituents  in  the  gas  that  have  freezing  points  warmer  than  the 
saturation  temperature,  or  particulates  which  could  physically  restrict 
gas  flow,  are  contaminants  that  can  prevent  successful  operation.3 
Particulates  can  permanently  restrict  flow  if  they  become  lodged  in  the 
heat  exchanger  inlet  passage  or  nozzle.  Condensible  contaminants  that 
crystallize  in  the  upper  temperature  region  of  the  heat  exchanger  inlet 
passage  are  usually  carried  downstream  where  they  collect  and  restrict 
the  nozzle.  For  a  given  concentration  of  condensible  contaminant,  the 
"dew"  point  temperature  increases  with  increasing  pressure,  thus 
freezing  sooner  at  higher  operating  pressures  and  lower  ambient 
temperatures . 


The  susceptibility  of  a  JT  cryostat  to  clogging  is  dependent  on  the 
nozzle  size  and  flow  rate.  We  define  the  nozzle  size  by  the  parameter 
C0  which  is  the  flow  rate  of  nitrogen  (N?)  in  sl/min  that  is 
measured  when  the  supply  pressure  is  7  MPa  exhausting  to  0.1  MPa  with 
both  the  JT  cryostat  and  gas  at  20-24  C.  It  has  been  found  that  an 
orifice  smaller  than  0.07  mm  or  a  flow  rating,  C0,  less  than  0.5 
sl/min  will  require  a  higher  gas  purity  than  is  practical  to  achieve. 
Clogging  of  a  fixed  nozzle  occurs  either  abruptly  during  cooldown,  or 
cyclically  during  operation  in  which  the  flow  declines  like  a  damped 


oscillation.  Several  methods  have  been  tried  to  impede  clogging  of 

fixed  flow  JT  cryostats  by  trapping  the  solid  or  frozen  contaminants  in 

the  cold  end  of  the  heat  exchanger  with  large  flow  area  labyrinths4 
or  thread  filters.5 

Demand  flow  JT  cryostats  are  more  tolerant  to  contaminants  because 
their  temperature-sensitive  flow  control  nozzle  will  increase  flow  in 
response  to  the  warming  caused  by  clogging,  thereby  purging 
contaminants.  We  have  found  that  the  minimum  acceptable  purity  for  N2 
entering  a  nominal  200  mVJ  demand  flow  JT  cryostat  must  be  at  least 
99.998%  (as  total  assay),  and  the  maximum  acceptable  levels  for  the 
common  contaminants  in  Np  are  found  to  be:  2  parts  per  million  by 
volume  (ppmv)  water  vapor  (HpO),  which  is  equivalent  to  a  dew  point  of 

-71  C  at  0.1  MPa;  2  ppmv  carbon  dioxide  (CO?)  or  carbon  monoxide  (CO); 

3  ppmv  total  hydrocarbons  ( THC ) ;  3  ppmv  chlorof luorocarbons  (CFC);  and. 

6  ym  maximum  diameter  particles.  Typically,  air,  oxygen  (Op),  argon 
(Ar),  helium  (He),  and  neon  (We)  do  not  affect  performance  at  low 
concentrations.  It  is  found  that  by  doubling  the  cryostat's  nominal 
cold  flow  rate,  and  thereby  halving  the  available  run  time  from  a  fixed 
gas  volume,  operation  is  acceptable  with  4  ppmv  HpO.  As  the  level  of 
H^O  is  further  increased,  the  frequency  of  temperature  excursions  also 
i nc  reases . 

There  are  no  general  industrial,  military,  or  federal  purity 
specifications  for  JT  gases  at  present.  A  few  specific  military  and 
commercial  JT  cooler  specifications  coincide  with  the  minimum  acceptable 
levels  described.  Mil -P-27401  .  Grade  t  Np  is  sometimes  specified,  but 
its  purity  does  not  meet  the  acceptable  levels  described.  Industrial 
gas  suppliers  present  purity  in  a  variety  of  ways.6  Most  of  them 
use  grade  names  and  total  purity  assay.  "Commercial  purity",  >  99.995%, 
contains  up  to  10  ppm  HpO.  "Ultra-pure  carrier"  grade,  >  99.998%,  or 
"ultra-high  purity",  >  99.999%,  typically  contain  <  2  ppm  H?0. 

However,  grade  names  and  purities  vary  among  suppliers  and  gases,  and 
the  total  purity  may  be  based  on  a  weight  analysis  which  may  appear 
purer  than  a  volume  analysis  (ppmv  =  ppmw  x  MW  gas  /  MW  impurity). 

Also,  the  total  purity  assay  may  not  include  all  the  impurities 
pertinent  to  the  application.  Some  industrial  gas  suppliers  will 
provide  an  actual  impurity  analysis.  Unf ortunately ,  the  analysis  may 
not  detect  the  low  levels  required,  and  it  may  not  be  for  the  gas  as  it 
exists  in  the  actual  vessel  being  supplied.  Furthermore,  impurities 
will  outgas  from  the  vessel's  internal  surfaces  as  the  supply  pressure 
decreases  during  use,  changing  the  purity  ratios.  From  a  practical 
stand  point  it  has  been  found  that  all  of  these  gases  can  be  used 
satisfactorily  if  a  clean  adsorber  is  used  in  the  gas  supply  line. 

Higher  purity  gases  reduce  the  frequency  of  having  to  regenerate  the 
adsorber. 

Gas  Supply  System 

It  is  essential  that  all  contaminants  in  the  gas  supply  system  be 
either  eliminated  or  reduced  to  acceptable  levels.  The  gas  supply 


system  typically  consists  of  the  gas  source,  a  pressure  regulator, 
adsorbers  with  filters,  and  an  interconnecting  line  to  a  small  gas 
bottle,  a  start  valve,  and  another  gas  line  to  the  cryostat  (See  Figure 
1).  The  gas  source  is  typically  a  pressurized  tank  purchased  from  a  gas 
supplier,  but  it  may  be  compressed  locally  from  a  low  pressure  gas 
source,  ambient  air,  or  a  liquid  cryogen,  and  purified.  For  gas 
compression,  non-oi 1 -1 ubricated  compressors  are  recommended  to  minimize 
hydrocarbon  contamination. 

The  gas  supply  system  design  should  consider  the  following: 

(1)  Safety:  Capable  of  operating  safely  with  the  intended  gas  and 
pressure.  Consideration  must  be  given  to  the  maximum  working 
pressure  at  the  high  temperature  ambient,  the  number  of  filling/ 
venting  cycles,  applicable  transportation  codes,  burst 
fragmentation,  and  fire  safety  (Ref.:  ASME  Sec.  VIII,  Div.  1; 
ANSI  B31.5;  DOT  Hazardous  Materials  Regulations;  Mil-STD-454; 

Mi  1 -STD-1  522 ) . 

(2)  Leak  Tightness:  For  short-term  applications,  a  soap  solution 
leak  check  is  acceptable  with  the  system  pressurized  with  the 
process  gas  at  the  working  pressure  @  21  C.  For  long-term 
applications,  a  He  mass  spectrometer  should  be  used  with  the 
system  pressurized  with  He  to  the  maximum  working  pressure. 
Thermal  cycling  beforehand  at  high-  and  low-temperature 
ambients  is  recommended. 

(3)  Permeation:  Minimize  permeation  by  using  corrosion  resistant 
metals  and  metal  sealed  joints. 


Fig.l.  Typical  JT  Open-Cycle  Refrigeration  System 


Cleaned  for  oxygen  use  is  preferred. 


(4)  Cleanliness: 

(5)  Simplicity:  Minimize  the  number  of  joints,  connections,  dead 
flow  volume,  and  internal  surface  area. 

(6)  Outgassing:  Use  low  vapor  pressure  materials,  such  as  metals, 
and  purge  the  system  prior  to  use.  A  typical  outgassing  rate 
of  1  x  10-^  torr  L  sec-1  cur?  at  1  L/min  flow  represents 

a  1  ppm  level  of  impurity.7 


The  choice  material  for  interconnecting  plumbing  in  most 
applications  is  austenitic  stainless  steel  (AISI  300  series)  for 
strength,  corrosion  resistance,  and  non -magnet i sm.  Easy  machining  type 
303  has  poor  welding  characteristics  to  other  stainless  steels.  Types 
321,  3161,  and  304L  are  better  choices  for  welded  joints  because  they 
will  have  minimal  grain  boundary  chromium  carbide  precipitation  during 
welding,  and  therefor  better  resistance  to  corrosion  and  cracking. 
Passivation  and  electropolishing  are  preferrable  post-weld  treatments 
because  they  enhance  corrosion  resistance,  and  remove  micron-sized 
particles  and  crevices. 


Copper  and  copper  alloys  outgas  more  than  stainless  steel  and  have 
been  found  to  promote  contamination  abruptly  after  long-term  use. 

Copper  (Cu)  oxidizes  readily  and  continually  in  air.  After  the 
corrosion  penetrates  to  the  internal  surface,  HpO  permeates  directly 
into  the  process  gas.  The  plumbing  must  then  be  replaced.  For  these 
same  reasons,  a  IT  cryostat  should  be  Stored  in  a  dry,  inert  environment 
to  reduce  corrosion  of  any  copper  in  the 
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properties  of  such  materials  which  may  exist  in  valves  or  pressure 
regulators . 


Seamless  tubing  is  preferred  for  interconnecting  piping,  although 
welded  and  drawn  tubing  is  acceptable.  All  tubing,  valves,  gauges,  and 
regulators  should  be  leaktight  and  clean.  Cleaning  should  consist  of 
purging,  scrubbing,  vapor  degreasing,  or  ultrasonic  c.eaning  with 
solvents  such  as  ethanol  (denatured)  or  methanol,  folic-cl  I: y  freon  (TF 
or  TMC)  or  1,1,1  trichloroethane,  followed  by  a  pure  puigt  at  <  7 
MPa.  Vacuum  baking  afterward  is  beneficial. 

All  joints  and  connections  in  the  plumbing  should  be  inert-gas 
welded  (e.g.  TIG),  fluxless  brazed  (e.g.  vacuum),  or  dry  metal  sealed 
(e.g.  Swagelok  fittings,  metal  o-rings,  MS  or  AN  fittings,  indium 
gaskets,  etc.).  Tapered  pipe  threads  should  be  avoided  because  they  can 
develop  leaks  without  a  sealant,  and  most  pipe  sealants  contain  Teflon. 
However,  if  pipe  threads  are  used,  an  epoxy  adhesive  is  a  preferred 


sealant.  Elastomeric  o-ring  seals  should  be  avoided.  However,  it  they 
are  used,  the  o-ring  material  should  be  carefully  selected  (e.g.  Viton 
is  acceptable  for  some  applications),  vacuum  baked,  and  a  very  thin  film 
of  very  low  vapor  pressure  grease  (e.g.  Apiezon  N)  applied  to  the 
o-ring.  Should  a  joint  require  soldering  or  brazing  with  an  acid  flux, 
such  as  with  stainless  steels,  it  is  very  important  to  use  the  least 
active  flux  possible.  Neutralize  the  acidic  residue  immediately  after 
making  the  joint  (e.g.  hot  distilled  water  has  been  found  to  work  better 
than  many  formulated  neutralizers),  then  promptly  clean  as  previously 
described . 

An  adsorber  is  required  in  the  gas  supply  system.  Adsorbers 
typically  contain  a  molecular  sieve  which  will  adsorb  primarily  H?0, 
and  to  a  much  lesser  extent  CO 2  and  trace  oils.  The  adsorber  will 
improve  or  maintain  the  gas  purity  for  a  period  of  time,  after  which  it 
begins  to  break  through  with  contaminants,  lhe  amount  of  adsorbed  HpO 
is  a  function  of  the  inlet  gas  purity,  adsorbent  mass,  and  initial 
adsorbent  dryness.  A  typical  adsorber,  32  mm  diameter  x  160  mm  long  and 
capable  of  operating  @  60  NPa ,  has  a  rating  of  45.3  kSL  of  processed  gas 
with  10  ppmv  HpO  inlet  purity.  Adsorbers  which  have  not  been  exposed 
to  oils  or  other  hydrocarbons  can  be  regenerated  by  heating  and  purging, 
or  vacuum  baking,  and  re-used  many  times.  If  the  adsorber  breaks 
through  with  hydrocarbons  due  to  excess  exposure,  then  it  has  to  be 
replaced.  For  long-term  operations,  it  is  recommended  that  two 
adsorbers  be  placed  in-line  downstream  of  the  gas  source,  and  routinely 
rotated  with  a  third  adsorber  (i.e.  the  upstream  adsorber  is  withdrawn 
and  regenerated,  the  downstream  adsorber  is  moved  upstream,  and  the 
third,  regenerated  adsorber  is  placed  in  the  vacant  downstream 
position).  It  is  recommended  that  a  gas  purity  monitor  be  located 
between  the  two  adsorbers  to  detect  early  breakthrough  of  the  upstream 
adsorber . 

A  filter  is  required  in  the  gas  supply  system  downstream  of  every 
adsorber,  unless  a  filter  is  part  of  the  adsorber.  Filters  typically 
remove  smaller  particles  from  a  gas  than  from  a  liquid.  Therefore,  it 
is  important  to  understand  the  filter  being  used,  and  the  pressure  drop 
it  imposes  at  the  anticipated  flow  rate.  APD  Cryogenics  supplies  a 
porous  stainless  steel  filter  integral  with  their  adsorbers  and  on  the 
gas  inlet  of  every  JT  cryostat.  These  filters  typically  have  a  1  urn 
nominal  and  3  urn  absolute  gas  filtration  rating. 

lhe  most  direct  method  of  identifying  unacceptable  levels  of 
contaminants  in  the  gas  supply  system  is  by  using  a  gas  purity  monitor. 
It  is  important  to  routinely  sample  the  gas  purity  nearest  the  JT 
cryostat.  The  APD  Cryogenics  gas  purity  monitor,  p/n  250106D.  will 
freeze  up  within  5  min  if  >  2  ppmv  HpO  or  >  1  ppmv  COp  is  present  in 
35  MPa  Np  (Sec  Figure  2).  Although  it  has  not  been  calibrated  for 
other  contaminants,  it  is  more  sensitive  to  them  than  are  most 
cryostats,  providing  a  quick  go  no-go  gage  of  overall  gas  purity.  A 
hygrometer,  gas  chromatograph,  or  other  gas  sampling  devices  can  be 
employed  to  gain  a  more  complete  analysis. 
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Fig. 2.  Gas  purity  monitor. 

Freeze  time  vs.  moisture  content  in  nitrogen. 
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It  is  important  to  minimize  the  exposure  of  JT  Cryostats  to  HpO 
and  other  contaminants.  Various  storage  methods  can  be  employed  to 
control  their  exposure.  Unprotected  storage  in  a  typical  laboratory  is 
inadequate.  The  first  improvement  would  be  to  seal  the  JT  cryostat  in  a 
water  vapor-proof  bag.  A  dust-free  package  of  dessicant  could  be  sealed 
inside  the  bag  to  adsorb  H^O.  A  second  improvement  would  be  to  seal 
the  JT  cryostat  in  a  room  temperature  dry  box,  either  purged  with  pure 
N 2  or  dessicated.  A  third  improvement  would  be  to  store  it  in  a 
heated  dry  box,  thereby  degassing  the  surfaces.  A  fourth  improvement 
would  be  to  store  it  in  a  vacuum  oven,  thereby  withdrawing  the  outgassed 
vapors.  An  oil-less,  two-stage  30  L/min  diaphragm  pump  (3  <  2b  torr  on 
an  oven  at  70  C  has  been  found  to  reduce  the  H?0  level  to  a  few  ppmv. 

It  is  important  to  keep  the  vacuum  pump  as  close  as  possible  to  the 
oven,  and  the  overall  system  clean  and  leaktight.  Oi 1  - 1 ubr icated  vacuum 
pumps  should  be  limited  to  0.?0  torr,  and  have  a  foreline  trap  to 
inhibit  oil  from  backstreaming  into  the  oven. 

Before  operating  a  J  cryostat,  purge  the  gas  supply  system  and 
cryostat  for  several  minutes  with  the  pure  process  gas  (3  <  3  MPa.  This 
flushes  air  and  outgassed  contaminants  from  the  piping  system.  It  is 
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also  important  to  properly  warm  up  the  JT  cryostat  and  dewar  after  each 
operating  cycle.  Cryopumping  can  occur  on  the  exhaust  side  of  the  heat 
exchanger  which  can  condense  H2O  into  the  cold  end  area  as  it  warms. 

This  HpO  can  freeze  on  the  nozzle  on  subsequent  cooldowns  and  cause 
erratic  performance.  Such  adverse  effects  can  be  controlled  by 
exhausting  to  a  controlled  dry  environment,  by  using  exhaust  check 
valves  to  prevent  backstreami ng ,  or  by  continuing  the  supply  gas  at  the 
end  of  the  operating  period  at  reduced  pressure,  <  3  MPa,  until  the  cold 
end  is  >  273  K .  Low  level  contaminants  in  the  gas  supply  may 
accumulate,  and  backstreaming  may  occur  during  long  operating  periods 
(i.e.  days/weeks).  Therefore,  it  is  usually  necessary  to  warm  up  the 
system  periodically. 

When  a  JT  cryostat  has  been  exposed  to  excess  H^O,  vacuum  baking 
(d  <  25  torr  and  <  80°C  overnight  is  recommended.  Alternately,  it  can  be 
purged  with  pure  Nj  at  <  3  MPa.  Contaminants  that  accumulate  in  a 
porous  filter  are  difficult  to  completely  remove,  and  usually  require 
replacing  the  filter.  Purging  or  vacuum  baking  may  temporarily  clean  a 
path  through  a  filter  loaded  with  condensible  contaminants,  but  the 
residual  boundary  contaminants  will  continue  to  mix  with  the  incoming 
purer  gas.  Flushing  with  a  liquid  solvent  is  not  recommended  because 
the  liquid  will  flush  trapped  particles  downstream,  and  the  solvent  will 
be  difficult  to  remove  from  the  filter  afterward. 


Temperature  Stability 

The  temperature  stability  of  a  JT  cryostat-cooled  dewar  and  load  is 
dependent  upon  stable  heat  loads  and  a  stable  flow.  Changes  in  heat 

load  result  in  a  change  in  the  AT  between  the  device  being  cooled  and 

the  liquid  cryogen.  Changes  in  flow  rate  have  a  small  effect  on  heat 
transfer  aT  as  discussed  in  the  next  section,  but  do  change  the 

pressure  drop  in  the  exhaust  side  of  the  heat  exchanger.  A  change  in 

the  pressure  of  the  liquid,  whether  it  is  caused  by  a  change  of  pressure 
drop,  altitude,  or  a  valve  in  the  vent  line,  will  cause  a  change  of 
temperature.  For  LNp  at  77.4  K  the  change  is  0.088  K/kPa.  The  nozzle 
flow  is  a  sonic  compressible  gas  condition,  proportional  to  supply 
pressure  and  nozzle  temperature  as  P/T^-5.  Therefore,  as  the  supply 
pressure  varies,  as  a  pressure  regulator  fluctuates,  or  as  a  demand  flow 
nozzle  varies,  so  will  the  stability  of  the  cold  end  temperature.  These 
effects  may  cause  a  slow  temperature  change  as  the  gas  supply  pressure 
decays  in  a  bottle  or  a  rapid  change  if  the  demand  flow  control  adjusts 
suddenly . 

A  fixed  flow  JT  cryostat  or  a  dual-orifice  type  will  generate  an 
excess  amount  of  liquid  cryogen.  The  steady  flow  rate  and  excess  liquid 
provide  very  stable  temperatures,  usually  <  0.2  K/s  variations.  A 
demand  flow  JT  cryostat  will  generate  liquid  cryogpn  proportional  to  the 
heat  load,  minimizing  gas  consumption,  but  the  flow  rat.p  will  vary, 
causing  temperature  fluctuations.  Improved  design  and  manufacturing  of 
demand  flow  JT  cryostats  has  resulted  in  routine  temperature  stability 
of  <  5  K  above  the  saturation  temperature  while  maximizing  gas 


utilization.  Better  stability,  within  1  K  of  the  saturation 
temperature,  can  be  obtained  by  increasing  the  average  flow  rate  after 
cooldown,  thus  trading  gas  consumption  for  stability.  This  also  reduces 
the  susceptibility  to  clogging. 

Heat  Transfer  of  Liquid  Cryogen 

Gas  consumption  is  minimized  by  designing  the  dewar  cold  end  to 
have  the  lowest  thermal  mass  and  steady-state  heat  losses  possible  while 
providing  the  required  structural  support.  For  cylindrical  plug-in  JT 
cryostats,  this  is  accomplished  in  general  by  minimizing  the  diameter  of 
the  heat  exchanger  sleeve.  However,  if  the  cold  end  cap  is  bonded 
directly  to  the  end  of  the  minimum  diameter  sleeve  then  the  surface  area 
may  not  be  great  enough  to  reduce  the  heat  transfer  AT  to  an 
acceptable  level  across  the  liquid  film  produced  by  the  cryostat. 

Figure  3  shows  the  design  of  a  test  sleeve  that  has  been  used  to 
measure  the  heat  transfer  AT  and  test  results  for  sleeves  having 
inside  diameters  of  3.30  mm  and  5.18  mm.  Accurate  measurements  are 
obtained  bv  brazing  a  flat  copper  plate  to  the  end  of  a  0.076  mm  wall 
stainless  steel  tube.  The  temperature  of  the  liquid  in  the  sleeve  is 
determined  by  measuring  the  pressure  in  the  heat  exchanger  mandrel,  PI, 
which  has  no  gas  flow.  The  temperature  of  the  copper  end  piece  is 
determined  by  measuring  the  pressure  of  liquid  in  the  vapor  1  lb,  P2, 
which  is  machined  into  the  copper.  Tests  were  run  with  N?  a;  supply 
pressures  in  the  range  of  34  MPa  to  10  MPa  using  fixed  flow  JT  cryostats 
and  a  demand  flow  type  all  venting  to  0.10  MPa.  Measurements  were  also 
made  with  LN^  in  the  sleeves.  The  sleeves  had  static  losses  of  about 
200  mW  to  which  additional  heat  was  applied  via  heater  wire  wound  on  the 
copper  end  piece.  Test  results  show  that  the  AT  is  greater  for  the 
smaller  diameter  sleeve,  as  expected,  and  is  less  for  the  high  velocity 
liquid  produced  by  the  cryostat  than  for  static  IN;>.  In  either  case 
the  AT  can  be  significant. 

The  data  for  the  demand  flow  JT  cryostat  includes  the  AT  due  to 
pressure  drop  in  the  heat  exchanger  exhaust  which  tends  to  be  small 
relative  to  the  heat  transfer  at.  Conversely,  for  fixed  flow  JT 
cryostats  the  elevation  of  the  saturation  temperature  due  to  pressure 
drop  in  the  heat  exchanger  exhaust  can  be  larger  than  the  heat  transfer 
AT,  especially  at  high  supply  pressures.  Actual  values  are  a  function 
of  the  heat  exchanger  design  and  nozzle  size.  An  elevation  of  1.6  K  was 
measured  for  the  3.30  mm  dia.  cryostat  at  34  MPa  supply  pressure. 
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Dewar  Effects 


The  dewar  is  essentially  a  vacuum-insulated  container.  Proper 
dewar  design  for  JT  cryostats  should  include  the  following: 

(1)  For  cylindrical  plug  in,  finned-tube  JT  cryostats:  A  bore  with 
+/-  0.0127  mm  diameter  tolerance,  straightness  within  0.001 
mm/mm  of  length,  and  a  depth  such  that  the  nozzle  tip  installs 
within  0.5  -  1.5  mm  of  the  inside  face  of  the  cold  end. 

(2)  Minimized  conduction  heat  losses  entering  the  cold  end,  with 
vacuum  insulation  <  1  x  10“^  t0rr  over  the  ambient 
temperature  range  for  the  intended  life,  and  radiant  heat 
shielding . 

(3)  Minimized  cold-end  volume,  maximized  heat  transfer  surface 
area,  and  minimized  load  thermal  mass.  For  complex  load 
geometries,  the  component  materials  should  have  high  thermal 
dif fusivity,  and  the  arrangement  should  attempt  to  minimize 
thermal  gradients  especially  during  cooldown.  It  has  been 
found  that  demand  flow  JT  cryostats  will  regulate  flow  (i.e. 
refrigeration)  according  to  the  local  heat  load  which  may  be 
much  less  than  the  total  load,  thus  extending  the  cooldown. 

This  is  oue  to  poor  thermal  communication  between  the  total 
load  and  the  cooler. 

The  thermal  response  of  a  plug-in  JT  cryostat  in  a  given  dewar  can 
be  characterized  by  measuring  the  following: 

(1)  the  temperature  sensor's  sensitivity  with  respect  to 
temperature,  its  repeatability,  and  stability  with  liquid 
cryogen  inside  the  dewar  bore; 

(2)  the  cooldown  time  from  the  ambient  temperature  by  injecting 
liquid  cryogen  into  the  dewar  bore;  and 

(3)  the  steady  state  heat  loss  over  the  lower  cold  end  half  of  the 
bore  using  a  liquid  cryogen.  (Plot  the  volume  of  boiloff  gas 
vs.  time.  Calculate  the  ave.  boil-off  rate  during  the  "lower 
half"  period,  ignoring  the  non-linear  rate  near  the  end. 
Multiply  by  the  latent  heat  of  vaporization  and  the  NTP  density 
for  the  cryogen  used.  For  IN?:  heat  loss  [mW]  =  boil-off 
rate  fsL/min]  x  3862.) 

Gas  Mixtures 


A  large  number  of  gas  mixtures  have  been  tested  in  JT  cryostats  of 
different  efficiencies.  In  general,  it  is  found  that  adding  a  gas  such 
as  CH4  to  N?  provides  a  refrigeration  effect  approximately  in 
proportion  to  the  sum  of  their  separate  refrigeration  effects,  but  the 
operating  temperature  can  be  closer  to  the  saturation  tf  perature  of  the 
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colder  constituent.  If  the  heat  load  is  increased,  or  the  efficiency  of 
the  heat  exchanger  is  decreased,  then  the  saturation  temperature 
increases  toward  the  higher  temperature  constituent.  Adding  a  gas  such 
as  hydrogen  ( H2 )  or  Ne  to  N2  can  reduce  the  boiling  temperature 
below  77.4  K  while  venting  to  atmospheric  pressure. 

Figure  4  shows  the  results  of  a  test  with  a  mixture  of  0.1  Ne/0.45 
Ar/0.45  N2  from  a  60  ml  bottle  charged  to  42  MPa  using  a  fixed  flow  JT 
cryostat  venting  to  0.10  MPa  and  a  repeat  test  with  pure  N2.  The 
following  observations  apply  to  this  test  and  are  generally  true  for  all 
of  the  tests  with  mixtures: 

(1)  Initial  cooldown  is  faster,  but  the  time  to  00  K.  is  the  same 
for  the  mixture  compared  with  pure  N2. 

(2)  There  is  a  time  delay  for  the  mixture  to  reach  minimum 
temperature  due  to  the  time  it  takes  to  reach  equilibrium 
concentrations  in  the  liquid. 

(3)  The  temperature  increases  with  time  after  reaching  minimum 
temperature  because  the  heat  load  is  increasing  relative  to  the 
rate  at  which  refrigeration  is  produced.  The  increasing 
temperature  is  superimposed  on  a  small  decrease  in  temperature 
due  to  the  decreasing  gas  pressure  from  a  fixed  volume  and 
decreasing  pressure  drop  in  the  heat  exchanger  exhaust  as  the 
flow  rate  decreases.8 

(4)  The  temperature  of  the  mixture  rises  at  the  end  of  the  test 
toward  the  NBP  of  the  higher  temperature  constituent,  in  this 
case  Ar,  and  holds  there  while  the  residual  liquid,  rich  in  Ar, 
evaporates . 
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Fia.4.  Temperature ,  T,  bottle  pressure,  PI,  pressure  over 
the  liquid,  F2,  and  normalized  flow  vs.  time  for 
pure  N,  (upper)  and  a  mixture  of  .1  Ne/.4S  N?/ 

.45  ArL( lower)  venting  to  atmospheric  pressure. 
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SUMMARY 


JT  cooling  systems  are  relatively  simple  and  versatile  but  have 
frequently  presented  problems  for  the  user  because  of  their  sensitivity  to 
contaminants.  It  is  hoped  that  the  experience  which  is  presented  in  this 
paper  will  help  users  design  and  operate  JT  systems  with  a  high  degree  of 
success . 
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ABSTRACT 

The  main  thermodynamic  characteristics  of  a  coolant  for  the  Joule-Thomson 
cryocoolers  include:  the  isothermal  and  isenthalpic  Joule  Thomson  effects  (Ah)T, 
(AT),  and  the  normal  boiling  temperature  T^,.  The  present  paper  describes  general 
trends  in  the  candidate  gases  for  Joule-Thomson  cryocoolers.  Correlations  are 
presented  for  the  generalized  integral  inversion  curve  and  for  (Ah>j-  as  a  function  of 
boiling  temperature.  The  potential  use  of  gas  mixtures  adds  a  new  dimension  to  the 
coolant  selection  process. 


NOMENCLATURE 


cpo 

specific  heat  ,  J/(mole  K) 

Q 

heat  load,  W 

h 

molar  enthalpy,  J/rnole 

T 

temperature,  K 

hIG 

molar  enthalpy  of  an  ideal  gas, 

^boil 

normal  boiling  temperature,  K 

J/mole 

Tc 

critical  temperature,  K 

hR 

molar  enthalpy  departure  from 

Tr 

reduced  temperature,  T/Tc 

ideal  gas,  J/mole 

(AT), 

isenthalpic  J-T  effect,  J/mole 

(Ah)T 

isothermal  J-T  effect,  J/mole 

Z 

compressibility,  PV/RT 

P 

Pc 

Pr 

pressure,  Pa 
critical  pressure,  Pa 
reduced  pressure,  P/Pc 

U 

J-T  coefficient,  0T/9P)h,  K/Pa 

*On  sabbatical  leave  from  RAFAEL  and  TECHNION-Israeli  Inst,  of  Technology, 
Haifa,  Israel. 
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INTRODUCTION 


The  Joule-Thomson  (J-T)  cryocoolers  based  on  Linde-Hampson  liquefaction 
process  are  widely  applied  in  cold  electronics,  night  vision  and  guidance  systems1  and 
(more  specific  type)  space  applications  2  In  most  cases,  they  are  constructed  as 
compact  finned  or  miniature  photolithographically  processed3  heat  exchangers  with  or 
without  a  flow  regulating  mechanism.  However  the  physical  description  does  not 
include  one  of  the  most  important  components  that  of  the  coolant.  The 
thermodynamic  characteristics  are  a  significant  feature  for  ru  ’esign  and  operation  of 
a  J-T  cryocooling  system.  The  present  paper  represents  ipi  to  summarize  some 

of  the  mam  thermodynamic  parameters  of  candidate  co  .uids  and  their 
interrelation. 

MATCHING  SYSTEM  REQUIREMENTS:  T^,.  (Ah)x  and  (AT^ 

The  Joule-Thomson  cryocoolers  for  sensors  have  to  meet  three  principal  and 
fundamental  demands:  (a)  sensor  operation  temperature,  (b)  gas  consumption  and  (c) 
cooldown  rate  (or  period).  The  various  systems  might  be  classified  according  to  the 
emphasis  on  each  of  those  demands.  For  example,  low  gas  consumption  systems 
which  are  not  concerned  about  the  cooldown  period  or  fast  cooling  down  system4  for 
short  operation  where  the  gas  consumption  is  of  little  importance.  In  between  there 
are  many  other  weighted  combinations  of  these  demands.  The  characteristics  of  a 
coolant  are  directly  derived  from  the  above  systems  requirements.  Three  coolant 
factors  describe  the  ability  to  meet  those  requirements: 

(a)  Sensor's  Operation  Temperature 

The  designed  sensor  temperature  is  chosen  to  provide  the  optimal  performance 
of  the  device.  Possible  sensor  temperature  are  mainly  the  normal  boiling 
temperatures:  T^j,  of  liquefied  gases.  In  practice  two  additional  construction  details 
should  be  taken  into  account:  (1)  thermal  resistance  between  coolant  bath  and  sensor 
and  (2)  back  pressure  resulting  from  hydrodynamic  resistance  of  outlet  flow.  Higher 
back  pressure  will  increase  the  boiling  temperature. 

Figure  1  shows  the  discrete  normal  boiling  temperatures  which  are  available 
using  liquefied  pure  coolants.  Any  intermediate  temperature  among  those  is 
unachievable.  The  wide  gap  between  Neon  (27.1  K)  and  Nitrogen  (77.4  K)  of  course, 
cannot  be  bridged  by  any  pure  coolant.  (One  possible  solution  using  gas  mixtures  will 
be  discussed  later.) 

(b)  Gas  consumption 

The  energy-based  specific  refrigeration  content  of  a  coolant  is  well  represented 
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Fig.  1:  Cryogenic  available  discrete  temperatures  of  pure  boiling  liquefied  coolants. 
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Schematic  illusion  of  ideal  J  T 
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by  the  isothermal  Joule-Thomson  effect,  (Ahlj,  defined  through  notations  on  Figure  2: 

(£Jt)T  =  h^ut  -h^n  =  4(0.1  MPa.T)  -  h{p,T) 

Applying  the  First  Law  of  Thermodynamics  for  an  open  system  and  assuming  an  ideal 
heat  exchanger  of  equal  oudet  and  inlet  temperatures  one  gets: 

$  =  n  (Ah)f 

A  given  heat  load  (Q)  is  carried  through  a  smaller  molar  flowrate  (n)  by  a  coolant  of 
higher  (Ah^.  A  smaller  compressor  will  be  sufficient  for  the  same  mission.  There 
are  application  of  autonomous  operation:  pressurizing  through  a  storage  vessel. 
Reduction  in  the  gas  consumption  will  result  in  reduced  volume  or  weight  of  the 
vessel  and  simplify  the  logistics  of  vessel’s  supply.  It  is  advantageous  to  use  molar 
quantities  because  similar  number  of  moles  of  different  coolants  might  be  contained  at 
a  same  vessel. 

(c)  Cooldown  rate 

Just  at  the  very  beginning  of  the  cooldown  process,  the  "driving  force"  is  the 
temperature  drop  for  isenthalpic  expansion  through  the  nozzle,  (AT)h.  That  process  is 
a  transient  phenomenon  of  the  heat  exchanger  while  being  forced  through  the 
temperature  difference  (AT^  between  the  cold  and  hot  streams.  The  (AT)h  is  the 
integral  isenthalpic  Joule-Thomson  effect  which  is  a  state  dependent  coolant  feature. 
For  similar  flowrates  the  higher  (AT^  coolant  will  result  in  a  more  rapid  cooldown  of 
the  cryocooler.  Following  the  notation  of  Figure  2  let  Tj  and  T2  be  the  inlet  and 
outlet  nozzle  temperatures.  They  fulfill  the  isenthalpic  relation: 

h{T\,F)  =4(^2- 0.1  MPa) 

and 


(AD*  =r2  -  T i 

THE  INTEGRAL  JOULE-THOMSON  EFFECT,  (AT)h 

The  Linde-Hampson  liquefaction  system  is  controlled  by  the  J-T  integral  rather 
than  by  the  differential  form,  p  =  (3T/dP)h.  However,  most  of  the  data  available  in 
physics  and  engineering  likewise  is  processed  in  the  differential  form.  These  two  are 
interrelated  through  the  line  integral  over  the  isenthalpic  curve: 

O.i  MPa 

(AD*  (P.D  =  f  p (P,D  dP 
p 
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The  inversion  curve  has  been  prepared  for  many  gases  and  modeled  by  some 
generalized  equations  of  state.10  An  integral  inversion  curve  in  terms  of  reduced 
temperature  and  pressure  is  plotted  in  Figure  3.  The  graph  displays  the  locus  of  states 
(pressure  for  each  temperature)  which  will  exhibit  an  overall  cooling  down  effect, 
while  expanding  isenthalpicly  from  any  Pr  to  Pr  =  0.0. 

Following  the  law  of  corresponding  states,  the  generalized  integral  inversion 
curve  can  be  displayed  in  terms  of  reduced  parameters  for  all  gases  with  similar 
acentric  factors  (in  the  sense  of  ref.  5).  N2,  Ar  and  CO  are  examples  of  low  acentnc 
factor  gases  (correspondingly  to  =  0.04,  0.,  0.049).  Fifteen  expenmental  values6 
representing  (AT^  =  0  have  been  correlated  in  Figure  3.  The  solid  line  which  is  the 
proposed  generalized  integral  inversion  curve  is  written: 

Tr  *=  5.2292  -  0.10510  •  Pr  *  5.6442  •  10"4  •  P2 


Pr 

Fig.  3:  Generalized  integral  (and  differential)  Joule-Thomson  inversion  curves. 

Points  for  N2,  Ar  and  CO  based  on  ref.  6. 
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A  correlation  factor  of  0.993  is  obtained  for  these  data.  The  generalized  differential 
inversion  curve  is  also  shown  following  the  correlation  proposed  in  ref.  10.  Both 
curves  should  coincide  at  the  maximum  inversion  temperature  (Pr  — »  0);  however,  some 
deviation  is  observed  since  the  data  is  obtained  from  various  experimental  sources. 

The  integral  cooling  zone  contoured  by  (AT)h  =  0  is  larger  and  includes  the 
differential  one  obtained  from  setting  p  =  0.  For  instance,  nitrogen  in  the  state  of  50 
MPa  and  300  K  is  represented  in  Figure  3  by  point  Y  corresponding  to  Pr  =  14.73  and 
Tr  =  2.37.  That  state  is  out  of  the  differential  cooling  zone  so  it  will  heat  up  through 
differential  expansion.  However  through  integral  expansion  to  0.1  MPa  (P  -  0.0)  it 
will  still  cool  down. 

The  (AT^  may  serve  for  ordering  the  coolants  (Table  1)  according  to  their 
cooling  down  rates.  Argon,  having  a  more  negative  (AT)h  will  cool  down  faster  than 
nitrogen.  That  is  in  accordance  with  practice  using  for  fast  cooldown  applications' 
Argon  or  in  sequenced  operation  followed  by  nitrogen.  The  positive  (AT)h  helium 
based  on  ref.  8  means  that  under  the  mentioned  conditions  the  Joule-Thomson 
"cryocooler"  will  heat  up.  (The  results  of  an  experiment  to  demonstrate  the  effect  are 
shown  in  Figure  4.  Temperature  rises  at  three  rates  according  to  the  applied  helium 
pressure.) 


Table  1:  Ordering  of  coolants  through  their 
integral  isenthalpic  J-T  effect  (AT)h  at  30  MPa  and 
300  K.  (Based  on  Peng-Robinson  equation  of  state.15) 
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-  107.8  K 
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Fig.  4:  Heating  up  by  helium  expansion  through  a  Joule-Thomson 

"cryocooler"  (experimental  results). 

Furthermore,  different  states  of  the  same  coolant  or  two  coolants  at  different 
states  (Tabic  2)  are  comparable  through  (AT)h  for  their  cooling  down  rates.  At  the 
above  example:  nitrogen  at  (50  MPa,  300  K)  will  cool  down  at  the  same  rate  as  argon 
at  (30  MPa,  300  K).  (The  benefit  of  pressurizing  up  to  60  MPa  might  be  longer 
operation  at  tie  same  vessel’s  volume).  Or,  argon  at  (20  MPa,  300  K)  has  a  similar 
cooling  down  rate  as  nitrogen  at  (30  MPa,  235  K). 


INTERDEPENDENCE  of  (AT)h,  (Ah)x  and  T^, 

(a)  A Th  and  (A h)T 

For  any  gas,  the  general  relation  was  proven9 


<AT)h 


po 


Table  2:  Integral  isenthalpic  J-T  effect  (AT)h  for  nitrogen  and  argon  at  various  states 

(reference  6) 


(AT)h  (K) 

T  =  300  K 

P  =  30  MPa 

P 

nitrogen 

1 

argon 

T 

nitrogen 

argon 

10  MPa 

-18.7 

-35.5 

290  K 

-40.7 

-86.5 

i 

14  MPa 

-25.0 

-47.0 

280  K 

-44.0 

-92.5 

20  MPa 

-31.3 

-62.2 

270  K 

-47.6 

-99.5 

30  MPa 

-37.7 

-80.5 

260  K 

-51.5 

-107.2 

40  MPa 

-39.0 

-90.4 

250  K 

-55.6 

-115.4 

50  MPa 

-37.6 

-94.0 

240  K 

-60.0 

-124.2 

where  c^  stands  for  the  specific  heat  at  the  low  outlet  pressure  (alter  joule-Thomson’s 
expansion).  It  is  a  good  approximation  for  any  ambient  temperature  assuming  c^  is 
nearly  temperature  independent.  Let  us  compare  two  states  of  the  same  coolant  or  a 
group  of  coolants  with  simiiar  heat  capacities  like  monoatomic  gases  (18  J/mole  K)  or 
bi-atomic  gases  (28  J/mole  K).  We  may  conclude  that  a  higher  (Ah)T  involves  a 
higher  (AT),,.  Put  another  way:  a  coolant  with  higher  cooling  content  is  also  faster  at 
cooling  down.  In  the  general  case  of  an  imaginary  gas,  without  information  about  the 
c^  we  cannot  apply  the  above  conclusion  with  the  same  evidence.  However,  for  all 
known  gases  of  low  boiling  temperatures  the  above  conclusion  is  fulfilled, 

(b)  (kh)T  and  T^pi, 

Comparing  (Ah>p  for  different  gases,  an  assumption  should  be  made  about  the 
common  basis  in  terms  of  the  applied  pressure.  Following  the  law  of  corresponding 
state  we  may  assume  for  that  purpose  pressurizing  by  Pr  -  10.  At  that  reduced 
pressure  the  largest  isothermal  integral  Joulc-Thomson  effect  is  achieved  for  1.2  <  Tr 
<  3.  The  differential  inversion  curve  is  the  locus  of  maxima  of  isenthalpic  lines  at  P- 
T  plane.  The  above  range  of  reduced  temperatures  is  adequately  comprehensive  for 
most  cryogenic  sensor’s  cooling,  starting  liquefaction  at  290  K  <  T  <  320  K.  On 
Figure  5  (Ah>j-  is  described  as  function  of  T^,  for  sixteen  coolants  at  310  K  and 
Pr  =  10.  For  each  coolant  it  was  calculated  through  the  three  parameters  Peng- 


Tx*  [K] 


Fig.  5:  Integral  isothermal  Joule-Thomson  effect  (Ah)T  for  different  pure 

coolant  as  function  of  their  boiling  temperatures. 

Robinson15  equation  of  state  and  compared  to  some  (experimental)  data.6 

The  general  observed  trend  in  applicative  terms  is:  a  coolant  of  lower 
liquefaction  temperature  is  less  refrigeration  content  The  solid  line  represents  an 
approximated  expression  derived  in  Appendix  through  the  two  parametric  van  der 
Waals  equation  of  state: 

(AA)r  *  11.72  *  •  T2b0il 

GAS  MIXTURES 

The  search  for  a  proper  mixture  is  very  attractive  because  of  the  additional 
degrees  of  freedom  in  coolant  design  or  choice.  Some  of  the  points  that  make  it  very 


special  are: 

(a)  Bridging  the  gaps  between  the  discreet  normal  boiling  temperatures  of  pure 
substances.  For  example:  a  sensor  optimally  performing  at  65  K  have  to  be  cooled 
by  liquefied  mixture,  because  there  is  no  pure  coolant  between  nitrogen  (77.4  K)  and 
neon  (27.1  K). 


(b)  Possible  more  refrigeration  content  mixture  than  a  pure  substance  having  the  same 
boiling  temperature.  Koeppe11  showed  experimentally  that  integral  isenthalpic  J-T 
effect  for  mixtures  was  at  least  equal  to  the  molarly  weighted  mean  effect  of  the  pure 
components.  Alfeev  pointed  out  the  improved  efficiency  in  mixtures  operated  J-T 
coolers.  Little1  J  reports  on  a  mixture  of  halon,  hydrocarbons  and  nitrogen  being  more 
efficient  and  faster  than  nitrogen  itself  at  80  K. 


(c)  Generally  the  cooler  design  is  not  affected  by  the  use  of  mixtures  instead  of  pure 
coolants,  which  means  that  the  same  technology  and  hardware  can  be  applied. 

CONCLUSIONS 

The  thermodynamic  parameters  of  pure  coolants  T^,,  (AT)h  and  (Ah)T  are 
interconnected.  Both  (AT)h  and  (Ah)T  are  increasing  functions  of  'Tboi|.  Mixing  of 
pure  coolants  it  a  source  for  new  coolant  with  new  pseudo-cntical  parameters. 


APPENDIX 

Real  gas  enthalpy  departure  from  the  ideal  gas  model,  hR,  can  be  formulated14 
through  its  compressibility,  Z,  as: 


hR{P,D 

RT 


h{P,T)  -  llG{P,T) 
RT 


=  •  72 


P  T 
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da) 


For  simpler  drawing  of  the  general  trend  we  may  avoid  the  differences  of  molecules’ 
acentnc  factors  and  apply  the  two  parameters  van  der  Waals  equation  of  state. 
Recalling  that  h  is  only  temperature  dependent  we  get: 
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where  Pr  in  =  Pm  /  Pc  and  Pr  out  =  0.1  MPa  /  Pc. 

Let  us  assume  Pr  ~  10.  (For  cases  of  1.2  <  Tr  <  3.0  it  gives  the  maximum 

Joule-Thoinson  effect.)  From  compressibility  data  we  get  Z  (Pr  -  10)  ~  1.  Assuming 

empirically  T^,  -  0.6  Tc  and  Pr  m  »  Pr  out  we  get  from  (2a) 

11.72  1  -tIm  (3a) 

It  should  be  remarked  that  for  Tc  <  100  K  the  term  in  equation  (2a)  that  includes  Tc2 

is  not  big  enough  in  comparison  to  (Z-l)  RT,  so  that  relation  can  not  be  applied. 
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CLOG  RESISTANT  AND  DEMAND  FLOW  CRYOSTATS 
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ABSTRACT 

A  cryostat  composed  of  a  special  anti-clogging  Joule- 
Thomson  (J-T)  expansion  nozzle  combined  with  demand  flow 
regulation,  derived  by  the  use  of  materials  with  different 
coefficients  of  thermal  expansion,  was  developed  in  the  recent 
past.  This  new  type  of  cryostat  has  proved  to  be  remarkably 
rugged  and  highly  resistant  to  blockage  by  contaminants  in  the 
gas  flow.  In  addition,  the  cryostat  has  displayed 
surprisingly  stable  temperature  characteristics. 

The  new  cryostat  design  has  now  been  applied  to  a  variety 
of  systems  with  different  fluids  and  special  requirements  over 
a  range  of  refrigeration  capacities.  This  paper  will  discuss 
some  of  the  interesting  situations  and  problems  encountered  in 
devising  new  variations  of  the  basic  design.  Recent 
applications  include  use  of  liquid  cryogen  working  fluid, 
modular  designs,  and  variable  capacity  systems. 

INTRODUCTION 

Development  of  the  General  Pneumatics  (GP)  patented 
cryostat  design  has  progressed  at  the  Western  Research  Center 
since  the  previous  paper  "A  Non-Clogging,  Temperature- 
Sensitive,  Closed-Cycle  Linde-Hampson  Cryocooler"1  presented 
at  the  Fifth  International  Cryocooler  Conference  held  in  1938. 
Following  fabrication  and  testing  of  a  cryostat  for  NASA 
capable  of  producing  up  to  37  Watts  of  refrigeration  at  85  K 
when  supplied  with  nitrogen  at  13.8  MPa,  attention  was  turned 
toward  producing  a  1/4  Watt  common  module  size  cryostat,  shown 
in  Figure  1. 
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Additional  low  capacity  cryostats  have  been  fabricated 
for  use  with  nitrogen,  argon,  mixed  gases,  and  liquid  methane. 
Proposed  uses  have  included  deriving  refrigeration  while 
venting  liquid  hydrogen,  to  replacing  a  two-gas  cooldown 
system  with  a  single  demand  flow  cryostat. 

DESIGN  FEATURES 

Each  of  the  GP  cryostat  designs  are  unique  to  the  field 
of  cryogenics  in  that  they  feature  a  clog  resistent  J-T 
isenthalpic-  expansion  nozzle.  Additionally,  the  flow  (hence, 
refrigeration  capacity)  is  controlled  by  optional  combinations 
of  a  demand  flow  feature  and  a  manual  micrometer-like 
adjuster.  As  experience  has  been  gained,  these  and  other 
features  along  with  the  related  fabrication  techniques  have 
been  refined. 

NOZZLES 

The  nozzle  of  the  cryostat  converges  to  an  annular 
orifice  formed  by  a  tapered  core.  Circumferential  grooves 
machined  into  the  tappered  core  provide  turbulence  which 
allows  wider  flow  passages  and  helps  to  break  up  and  clear 
contaminants.  This  action  combined  with  the  large  annular 
circumference  relative  to  the  flow  area  provides  the  patented 
clog  resistent  characteristic  of  the  nozzle. 


The  included  angle  of  the  converging  nozzle  geometry 
influences  adjustments  to  the  mass  flow  rate.  A  30  degree 
included  angle  increases  the  flow  area  more  for  each  linear 
movement  of  the  core  than  does  a  15  degree  angle.  No 
appreciable  difference  in  refrigeration  capacity  has  been 
noted  when  comparing  the  15  and  30  degree  angles.  Nozzle 
angles  are  therefore  chosen  based  on  flow  control 
requirements. 

During  testing  of  a  non-demand  flow  GP  cryostat  with  a  30 
degree  nozzle,  it  was  noted  that  the  mass  flow  of  the  liquid 
methane  working  fluid  increased  slightly  as  the  temperature  at 
the  nozzle  decreased.  The  cause  of  the  variation  has  been 
identified  as  the  unexpected  decrease  in  the  kinematic 
viscosity  with  temperature.  As  the  temperature  decreased  the 
dynamic  viscosity  increased,  but  the  density  increased  more 
dramatically.  Thus,  the  flow  increased.2 

DEMAND  FLOW  REGULATION 

Demand  flow  regulation  is  the  ability  of  a  cryostat  to 
achieve  and  maintain  its  refrigeration  temperature  with 
minimal  flow  while  subjected  to  varying  heat  loads.  The 
optional  GP  demand  flow  feature  is  achieved  by  differential 
thermal  contraction  of  the  materials  supporting  the  nozzle  and 
its  core. 

GP  cryostats  have  been  tested  that  regulated  from  an 
initial  cooldown  flow  of  18  standard  liters  per  minute  (slpm) , 
measured  at  the  exit,  to  3  slpm  after  achieving  liquid 
nitrogen  temperature.  This  was  calculated  to  be  a  change  from 
5.2  to  .9  watts  of  refrigeration  based  upon  a  7%  liquid  yield. 
By  using  thermally  active  304  stainless  steel  and  thermally 
inactive  Invar  36  in  conjunction  with  a  15  degree  included 
angle  nozzle  these  cryostats  can  maintain  their  heat  loaded 
temperature  well  within  1  K. 

MANUAL  FLOW  REGULATION 

Micrometer  manual  flow  regulation  has  been  provided  for 
both  demand  flow  and  non-demand  flow  cryostats.  When  used 
with  the  demand  flow  feature  it  enables  the  user  to  set  the 
initial  flow  which  determines  the  rate  of  cooldown  and  then, 
if  needed,  to  set  the  lower  limit  of  the  flow  at  the 
refrigeration  temperature.  When  used  with  a  non-demand  flow 
cryostat  it  allows  for  accurate  adjustment  of  refrigeration 
capacity  within  its  range  of  heat  loads. 
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Several  micrometer  configurations  have  been  designed 
using  differential  threads  to  provide  as  much  as  3024 
equivalent  threads  per  inch  (108/112  pitch) .  One  design  using 
brass  against  stainless  at  the  thread  interface  was  found  to 
bind  at  liquid  methane  temperatures  near  111  K.  Differential 
contraction  in  the  longitudinal  direction  was  suspected  as  the 
cause.  The  most  recent  micrometer  design  avoids  this  problem 
by  using  Inconel  718  against  316L  stainless  and  by  using  a 
more  tolerant  70/72  pitch  differential  thread  (2520  equivalent 
threads  per  inch) .  Also,  the  thread  arrangement  allows  the 
slightly  more  thermally  active  stainless  threads  (16  X  10‘6 
m/m*K)  to  contract  away  from  the  Inconel  threads  (13  x  10'6 
m/m  •  K)  . 

HEAT  EXCHANGERS 

GP  cryostats  employ  helically  wound  finned  tube  heat 
exchangers  constructed  of  70/30  copper/nickel  alloy.  The  heat 
exchanger  is  formed  by  wrapping  the  finned  tubing  around  an 
inner  sheath  tube.  A  polyester  thread  is  co-wound  above  and 
below  the  finned  tubing  to  provide  spacing  and  to  direct  the 
flow  close  to  the  finned  tube.  The  number  of  wraps  determines 
the  overall  length  of  the  heat  exchanger. 

The  internal  diameter  of  the  heat  exchanger  tube  carries 
the  high  pressure  flow  to  the  nozzle.  The  configuration  of 
the  external  finned  or  low  pressure  side  primarily  determines 
the  effectiveness  of  the  contra-flow  heat  exchanger. 
Effectiveness  can  be  calculated  by  the  equation  3: 


FIGURE  2.  EFFECTIVENESS 
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As  the  effectiveness  approaches  100%,  additional  wraps  of 
the  finned  tube  have  less  influence  due  to  the  reduced 
temperature  difference  between  the  high  and  low  pressure  sides 
of  the  heat  exchanger  near  the  high  temperature  end. 

The  pressure  differential  (AP)  across  the  length  of  the 
return  flow  side  primarily  affects  the  temperature  at  the 
nozzle.  Increasing  the  AP  increases  the  temperature. 
Considerations  that  influence  the  AP  are  the  return  flow  area, 
the  size  and  existence  of  a  co-winding,  the  flow  rate,  the 
density  of  the  working  fluid,  and  the  overall  length  of  the 
heat  exchanger. 

GP  cryostat.  i527DA0017  (Figure  3)  was  tested  with  several 
lengths  of  heat  exchanger  and  two  sizes  of  co-winding  over  a 
range  of  flow  rates  using  nitrogen  supplied  .it  13.6  MPa.  For 
nominal  flow  rates  of  up  to  20  slprn,  heat  exchanger  lengths  of 
35  or  more  wraps  provided  97  to  99%  effectiveness.  One 
cryostat  with  39  wraps  produced  refrigeration  at  a  maximum 
flow  of  2.2  slpm.  With  the  same  cryostat,  4  3  wraps  did  not 
improve  the  heat  exchanger  effectiveness,  bat  did  extend  the 
maximum  1 1  ov:  rate  to  24.5  slpm  .  Another  coni  i -jurat  i  on  with  29 
wraps  was  found  to  have  an  effectiveness  of  92.3  to  98.5% 
depending  upc-i'i  the  flow  rate.  Increasing  the  diameter  of  the 
co-winding  trom  .127  mm  to  .254  mm  increased  the  effectiveness 
by  an  average  2%. 


CRYOSTAT  #  5  27DA0017 


FIGURE  3. 


MODULAR  CRYOSTAT 


The  concept  of  a  modular  cryostat  was  proposed  by  Jack 
Jones  of  the  Jet  Propulsion  Laboratory  at  a  meeting  that  took 
place  in  January  1990.  It  was  suggested  that  a  cryostat  could 
be  designed  with  a  precooling  boss  such  that  a  series  of  like 
cryostats  could  be  linked  together,  each  one  precooling  the 
next  (Figure  4)  .  In  this  configuration  cryogenic  temperatures 
could  be  reached  effectively  in  low  pressure  systems. 

The  first  prototype  modular  cryostat  was  produced  under 
a  contract  with  Aerojet  ElectroSystems  (Figure  5) .  The  design 
objectives  using  argon  as  the  working  fluid  and  the  initial 
test  results  are  enumerated  in  the  following  paragraphs. 


FIGURE  4.  MODULAR  CRYOSTAT  CONCEPT 
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FIGURE  5.  MODULAR  CRYOSTAT 


REFRIGERATION  CAPACITY 

It  was  desired  that  the  refrigeration  capacity  at  the 
cold  end  of  the  cryostat  would  be  approximately  1  Watt  at  90 
K  for  each  0.01  grams  per  second  of  argon  flow  over  the  range 
of  .01  to  .07  g/s.  For  a  latent  heat  of  vaporization  equal  to 
162  Joules/gram  this  implies  a  minimum  required  liquid  yield 
of  61.7  %.  Argon  enters  the  cryostat  at  4  MPa  from  300  K.  It 
can  be  shown  on  a  Temperature  vs.  Enthropy  (T-S)  diagram 
(Figure  6)  that  only  4%  liquid  yield  would  be  produced  by  a  J- 
T  cryostat  under  these  conditions.3  Therefore,  the  modular 
cryostat  was  designed  to  include  a  precooling  section  referred 
to  as  the  condenser. 

CONDENSER 

The  condenser  was  positioned  to  divide  the  finned-tubing 
heat  exchanger  into  an  upper  and  lower  section.  The  location 
was  determined  by  thermodynamic  analysis  and  confirmed  by  the 
T-S  diagram.  Argon  gas  enters  the  condenser  at  near  165  K 
having  been  cooled  by  the  sensible  heat  extraction  of  the 
upper  heat  exchanger.  Argon  leaves  the  condenser  as  saturated 
liquid  near  130  K.  Additional  heat  is  removed  by  the  lower 
heat  exchanger  before  the  liquid  is  introduced  to  the 
isenthalpic  expansion  cf  the  nozzle. 
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FIGURE  6.  T-S  DIAGRAM 


NOZZLE 


The  working  fluid  passing  through  the  clog  resistant 
nozzle  expands  to  the  pressure  of  the  coldwell  producing  a 
mixture  of  liquid  and  vapor.  The  pressure  is  dependant  upon 
the  outlet  tube  pressure  plus  the  return  flow  pressure  drop  of 
the  heat  exchanger. 

HEAT  EXCHANGER 

The  heat  exchanger  was  designed  to  minimize  the  return 
flow  press u  .o  drop  to  6.8  KPa  (1  psi),  thus  insuring  a 
refrigeration  temperature  of  90  K  or  less.  During  testing  the 
pressure  v  s  measured  to  be  slightly  more  than  6.8  KPa  for  the 
maximum  flow  rate  of  .07  grams/second. 

It  vms  determined  that  the  effectiveness  of  the  upper 
heat  exchanger  could  be  as  low  as  '6  01.  Any  difference  between 
the  actual  and  100%  can  be  made  up  by  extracting  more  heat 
through  the  condenser,  furthermore,  any  inefficiencies  in  the 
lower  heat  exchanger  would  pass  on  refrigeration  to  the  upper 
heat  exchanger  and  enhance  its  efficiency. 

TEST  CONFIGURATION 

The  test  equipment  was  configured  to  measure  the 
resultant  refrigeration  capacity  at  the  anticipated  90  K 
temperature  cold  end.  An  Omega  PtlOO  RTD  inserted  into  a 
sen  copper  block  fitted  around  the  coldwell  provided 
tom.)  erature  measurements.  Correction  to  those  measurements 
was  needed  to  compensate  for  inadequate  thermal  anchoring.4 
The  power  required  to  vaporize  the  liquid  argon, 
(refrigeration  capacity) ,  was  determine  from  multiplication  of 
the  voltage  and  current  applied  to  a  carbon  resistor  inserted 
into  the  copper  block. 

The  rate  of  heat  extraction  from  the  condenser  was  also 
determined.  A  copper  bar  attached  to  the  condenser  by  a  #6-32 
UNO  screw  provided  a  heat  transfer  conduit  to  a  liquid 
nitrogen  heat  sink.  The  sink  was  fabricated  by  silver 
soldering  a  3.18  mm  (.125  in.)  stainless  steel  tube  c<  iled 
around  a  19  mm  (.75  in.)  diameter  copper  rod.  A  Minco  1  ter 
bi  Ton  was  attached  to  the  copper  bar  to  balance  the  heal  Load 
of  the  liauid  nitrogen  flow  through  the  tube.  An  RTD  was 
potted  into  the  #6  screw  to  monitor  the  temperature  at  the 
condenser.  In  this  way  the  heat  extracted  could  be  calculated 
as  the  heat  capacity  of  tie  a. '-quid  nitrogen  !  1  ow  minus  the 
heat  load  of  the  heater  butcon  required  to  maintain  the 
desired  temperature  at  the  cordenr'H  (Kv  »n  7 » 
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FIGURE  8.  BELL  JAR  TEST  CONFIGURATION 


TEST  RESULTS 


Test  results  indicate  that  both  the  modular  cryostat  and 
the  test  equipment  functioned  in  predictable  manner.  With 
argon  supplied  from  300  K  at  4  MPa  the  cryostat  was  able  to 
produce  additional  refrigeration  at  90  K  in  excess  of  the 
amount  provided  by  the  condenser  at  130  K.  Below  is  a  table 
of  test  results. 


Argon  Flow 

(gram/sec) 

Total  (90  K) 

Refrigeration 

(Watt) 

Condenser  (130  K) 
Heat  Extracted 
(Watt) 

Refrigeration 
Gained  (90  K) 
(Watt) 

.013 

0.74 

0.5 

.  24 

.019 

1.96 

1 . 5 

.46 

.030 

2 . 60 

2 . 1 

.  50 

SUMMARY 

As  experience  is  gained  with  the  clog  resistant  nozzle  it 
continues  to  prove  its  capability  in  varied  applications.  The 
demand  flow  and  micrometer  adjustment  features  are  of 
additional  benefit  wherever  temperature  stability  and  flow 
control  are  required.  It  is  anticipated  that  the  most  recent 
development.  the  modular  cryostat,  will  enable  cryogenic 
temperatures  to  be  reached  effectively  with  low  pressure 
systems . 
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